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Cyclotrons and Synchrotrons Ea comparison

CYCLOTRONS (Normal or SC) SYNCHROTRONS

Current

¥

ERAND

time time

The pulsed beam of fixed energy A cycling beam of variable energy
is always present — it needs absorbers has 1-2 second gaps
Persisting cw beam =bl \hgmbgnhnl e¥]\
Passive energy variation Active energy variation

(degrader A high local beam loss!)
Courtesy A. Peters, HIT
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Luowic- What has been recently realised

e ] Small cyclotrons with strong field

Small cyclotron => very strong magnetic field

=> iron is saturated (,air like®)

=> hills and valeys do not work

=> vertical focussing only by decreasing B(r) _
and: M increases with energy (relativity)

=>T....increases with radius circle —
q.B¥

Remedy:

=> decrease fy- with radius.  (synchro cyclotron)

T TN 1N, TN TN

=> pulsed beam (1 kHz)

time

T’ _ 2r.mp

Producton of pariicle beams: cyciatrons, Marco Schippers, PSI PTCOG Hewdelberg 26 sept 2009 3
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e cyclotron: synchrocyclotron ¢

| o
' conducting P,
> 43 J
¥
s 4
\ » ¢ IBA S2C2
Mevion (Still River) @ 2.5m, height 2 m, weight <50t,5.6 T,
S250 NbTi cryogen free coil and laminated steel
operator-free system w. remote diagnostics,
Design: T. Antaya, MIT 20 nA average beam current at 230 MeV for
@ 1.8 m, weight 20 t, 9 T, Nb3Sn coil, PBS; Extraction efficiency >50% at 230 MeV
>10 nA at 250 MeV 1 kHz beam pulse repetition rate for PBS

Superconducting technology relying on TriNiobium Core

LuowiG- What has been realised recently
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* one-room facility *
180° gantry 220° gantry Peam
an;

' ProteusONE™
OMEVION 250

L:14m,H: 14 m L: 27 m,H: 13 m

Source U. Linz

18.05.2020
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superconducting coil

IBA

cryocooler . .

> - ADVANCED RESOURCE CENTRE
P g FOR HADRONTHERAPY IN EUROPE

Carbon ions

“'protons

700 tons
SC caoils
d7Tm

Int. Conf. Cyclotron and appl, Tokyo 2004
IBA C400 CYCLOTRON PROJECT FOR HADRON THERAPY
Y. Jongen, M. Abs, W. Beeckman, A. Blondin. W. Kleeven, D. Vandeplassche, S. Zaremba.
1BA, Belgium

V. Aleksandrov, A. Ghzov, S. Gurskiy, G. Karamysheva, N. Kazarinov, S. Kostromin,
N. Morozov, E. Samsonow, V. Shevtsov. G. Shirkov, E. Syresin, A Tuzikov, INR, Russia

wowe- || Scaling down dimensions and costs
LM u UNIVERSITAT

MONCHEN with synchrotrons F

Compact synchrotrofbased proton
facility installed in two LINAC vaults of
pre-existing radiotherapy department
at MGH Boston

ProTom & Radiance 330

Compact superconductifgCion Synehretion
synchrotonandgantryunderdevelopment
toward smallfootprint solutionin Japan

Linear Accelerators EESSSSS

18.05.2020
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New accelerator concepts - FFAGs

B o/ (8
— 7|

f

accelerating time accelerating time accelerating time

@i

Synchrotron

FFAG
Cyclotron *const. closed orbit *varying closed orbit

isochronous

\ Idea:

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

{ en0 savings in
space!

... but rapidly
(~ms) switching
energy with

(varying magnetic field) K(cons?. magnetic field)j ~200 Hz

repetition rate

Courtesy A. Peters, HIT

wowic New accelerator cong

=
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Fast acceleration

Compact footprint

Magnet aperture
must accept large Scaling FFAG __ Low E
momentum range

Variable energy
extraction?

Possible very high rep rate
Much world wide interest.

Demo machines in early
operation, construction &
design

Multi -stage
% due to p
i| acceptance

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

18.05.2020



wwe || High-gradient linear accelerator
LMU| =% | | under development at CERN|/ ADAMS

Jun 8, 2017
Compact linac designed for proton therapy

treatments

Cyclotron
A design for a compact, fully linear accelerator for proton Synchrotron
-3 mills o
therapy has been developed by researchers at CERN. The Eipck e S 2:3 milliseconds (**)
(*) With movable absorbers

linear design offers a higher beam quality than circular (**) The energy is changed by adjusting the RF power to the modules

80-100 ms (*)
1-2 seconds

medical accelerators but - thanks to its high accelerating
gradient - has a similar footprint (Phys. Rev. Accel. Beams
20 040101).

LIGHT system being installed in London

ADVANCED
ONCOTHERAPY The TULIP all-linac design

oo . TR
present during by electronic varying the energy

methods

NO

YES
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New concepts Elaser plasma accelerators

titanuim foil with
proton rich dot

Laser: 50fs, 50 J (Petawatt!)

| = 102 W/cm?2

101! protons up to 300 MeV should
be possible

A Repetition rate?
A Intensity control?

Courtesy University of Jena Kt

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

Courtesy A. Peters, HIT

18.05.2020
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How to deliver beam to the patient
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Generally, a beam from an accelerator has a Gaussian spatial intensity |
!IO IQ —

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

Angular Spread [rad]
&57h b
8

04 -02 00 02 04

04 02 00 02 04
Beam Size Sigma [cm]

Beam Size Sigma [cm]

Paganetti et al, PMB 2008

Figure 2. Example phase space distributions (correlation between position and angle) for one
direction (x or y) for a de-focusing beam (left) and a focusing beam (right).
17 May 2020 K. Parodi 16

18.05.2020



LUDWIG-

MAXIMILIANS-
UNIVERSITAT
MONCHEN

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

P ewhere 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

18 May 2020 K. Parodi 17
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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

v\

Passive shaping devices Active shaping devices

...and thereof combination

17 May 2020 K. Parodi 18

18.05.2020



18.05.2020

LUDWIG-

MAXIMILIANS-
UNIVERSITAT
MONCHEN

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

Scattering

Constant T 1
Ql'ﬂ'l\ N —07 [ — [[ + - IOgltl [—
pv Ly 9 Ly

(L,og mean distance over which a high -energy e- loses all but 'y of its energy
by bremsstrahlung)

Energy loss
dE 411'642,2[,2 | 2m,v° In(1 - 8)
R n —In -
dx mg* (N P
2 C 8
P73
17 May 2020 K- Parod J Flanz, MGH .
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Exploring the main dependences with the medium one can approximate the

0~ Z3*JL,

dE/dx ~ NZ = NppZ /A = (NaZ/A)p = Constant- p
where N, is Avogadro’s number.
. J Flanz, MGH

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!)

17 May 2020 K. Parodi 20
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18

16

141

aluminum

MeV, mRad

lexan
beryllium-

AE

Lg (g/cm?)

Fig. 25.3 The upper curve is a plot of the scattering angle, @ (mRad), as a function of radiation
length, Lg(g/cm?), of various materials and the lower curve is the energy loss, AE (MeV), in the
given radiation length of the same materials. R .

The overall passive beam shaping process

r r r AT
%l E‘l B‘I >
Y

compensator

collimator
tumour

’.

18.05.2020
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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
scatterer a | 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
wowe | | Passive beam shaping
LMU| &5
Scattering

1) Single scattering

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

Scattering
foil

Drift space

Lomax, PSI

12
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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
D=t source size (to be shown later on)

qst 3 2nd
scatterer i ™~  scatterer

Lomax, PSI
wowe | | Passive beam shaping
LMU | s
Double scattering with an occluding post
SS;;‘:"I'_; Collimator 0 1
" <
First QOccluding Post . ‘.
Scatterer and Ring \ 2
J X
| ) S
JHEBERERER|
Beam 1 _—
4
Collimated
Field

plots (do not include angular dependencies)

Fig. 25.14 Phasc space representation of double scattering with an occluding post. Graphs 1
through 4 have the same units as those used in Fig. 25.13. Graphs 1a and 4a are the x, y position

18.05.2020
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A. Single Scattering with flat scatterer B. Double Scattering with contoured scatterer
o e %
N s
\\\ N\\
~
A. ’J :
Il, " ",
C. Double Scattering with dual ring D. Double Scattering with occluding ring
High Z Ty
\
PROTON THERAPY —el
Fared 0 B -
. /
. P

e Passive beam shaping
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Longitudinal beam conformance

D)= 3 wiDi(z)
i=l

1) Longitudinal beam spreading

Spread the beam longitudinally
by adding multiple Bragg

peaks of different range and vt
bgm~gl bmr emhes k2 Z
out-Bragg-l ~ Z d ¥ e o

1.0

Gy

Dose [

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

0 20 40 60 40 106 120 140 160 180

or 1 E ) Depth [mm]
R \_;ﬂ. c? With f slowly varying function depending on absorber
17 May 2020 K. Parodi 28

14
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Sharpness of Bragg peak depends not only on ion species, but range R

Protons in water
40 (H Kooy, MGH)

MeV/(g/cm?)
(]
o

n
o
T

0 . g .
0 10 20 30

Longitudinal beam spreading
Z#eKb] " “e"hkezkbiier¥#e_bemnk
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

15
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Longitudinal beam spreading
Z#eKb] " “e"hkezkbiier¥#e_ bemnk

MCS blurs the fine groove structure for a sufficient distance d between the
filter and the patient according to
) < 1.6do, | periodic distance of grooves

s, width of beam angular distribution

|

-
-
.
-
-
-
»
>
>
-
>
¥

s &(
dose scale 25mm 50 mm

prrvery
0% 50% 100%

Weber et al PMB 1999

wowe | | Passive beam shaping
LMU)| i
Longitudinal beam spreading
Z#eKb] " “e"hkezkbiie"¥#e bemrk

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

10 T T T
9 100 MeV/u without Ripple Filter
. [ [ p—— 220 MeV/ with Ripple Filter ]
2.0 E k el || 0 ‘Iev\ ‘u st
. AR - 8T \‘ ] f 6 T T
= 1.5 5 7~ | s | -
E \ T % 6 s | 6 5= B
—_ ": 6 |- / 4 |
< A = 4 - - - 4 b 4 -
\%1 0 = sk _// ‘ ‘ ,1 i
- I W -4 2 E Voo ! 37 bl
= 4 F ' = B i o
0.5 T [ = . 1‘:}| ol 1 “\ .“‘\ ;‘ 2
=3 d 22 24 26 o 9‘9 1(;* e A4
0.0 - ! p £ 2 1 I [l
o5 0 05 I/ e o :| R
X [mm] 1 : ——— 44"_,,4,«‘- “ 7 8
0 i 1 | — | T ]
0 50 100 150 200 250

Carbon ions in water ~ Depthin Water [mm]  \weper et al PMB 1999

16
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Longitudinal beam spreading
Z#eKb] " “e"hkezkbiier¥#e_ bemnk

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

I|||
t pryrYyy M'H
e ‘ M’WWMWJ:J|
} | z i
S BRI _ !
7 ! )
= ,n.é 04 without Ripple Filter :‘ B
= with Ripple Filter - 3
0.2 ci
0 T —0 E
{2 2
14 B
’ . . L . L 16
260mm £ 260 grooves 0 10 20 0 0 P p
Depth in Water [mm]
Carbon ions in water Weber et al PMB 1999
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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

17
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Longitudinal beam spreading
b) Modulation wheel

A rotating wheel with
varying thickness

The range shifter wheel in action. ..

RS wheel rotates continuously in beam at
~3000 rpm

SGSMP/FMH Physics lectures 2011 Prof Dr Tony Lomax, Proton therapy
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Longitudinal beam spreading Usually also different materials

b) Modulation wheel to achieve scatter compensation
A high revolution frequency (~ 600 - (higher Z for thinner sections)
3000 RPM) ensures SOBP delivery in
~0.1ls
Fh] "kgepa~”~el e\ hgmZz
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

18
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SOBP Forming

Range modulation / RM wheel

€ = 147 MeV Target

o 5 Depth m‘v‘\«]mv(em]
Step# thickness
1 1.8 cm.H20
2 2.3 cm.H20
3 2.9 cm.H20
4 3.4 cm.H20
5 4.0 cm.H20

HollandPTC

angular width
76 deg
27 deg
20 deg
14 deg
11 deg

,
pe

T

&

Ir. H. de Vroome

12-3-2013 13
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SOBP Forming

Range modulation / RM wheel

E = 147 MeV

© 3
g8 8

Relative Dose [%]
3

Target

HollandPTC

10 15
Depth in Water [cm]

thickness
1.8 cm.H20

angular width
76 deg

Ir. H. de Vroome

12-3-2013

18.05.2020
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SOBP Forming

Range modulation / RM wheel

I.El = 147Md\l-w! = 89%
i 2.E; = 143 MeV - w, = 30%
E 80
!
i P
& 40 "
20/
5 10 o]
Depth in Water [em]
Step# i angular width
1 1.8 cm.H20 76 deg
2 2.3 cm.H20 27 deg

HollandPTC Ir. H. de Vroome  12-3-2013 15

SOBP Forming

Range modulation / RM wheel

=137 VeV -w, = 8%
= 143 MeV -w, = 30%

)

H

e

2
20
0 3 10 15 20

Depth in Wator fem]
Step# thickness angular width

1 1.8 cm.H20 76 deg
2 2.3 cm.H20 27 deg
3 2.9 cm.H20 20 deg
4 3.4 cm.H20 14 deg
5 4.0 cm.H20 11 deg

HollandPTC Ir. H. de Vroome  12-3-2013 16
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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

PROTON THERAPY
PHYSICS

Fig. 5.6

Current intensity (%)

80

70

Beam current modulation

. (@)
/\\n Thick wheel step

f—

8

1 Thin wheel step

T 7 T ) T T T v
0 20 40 60 80

100
Time (ms)
110
108 __ Nobeam current (b}
106 e modulation
104 /_’\
102
100 {—
5 e ? b
961 Optimized BCM  Optimized BCM
941 measured calculated
92
90
88 \
86 -
0 2 4 6 8 10 12 14 16
Depth (cm)
Flanz, MGH
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Longitudinal beam spreading

¢) 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
Mabl ebl emri b\ ZeerezZ\ ab”c"o”]e[reZez[ by
Zel "j n~rg\ "epbfmmqndglzé@xl"hzﬂ’rnlbhgl abiezfhg

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

21
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Longitudinal beam spreading
¢) 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 ~4
minimal increase of scattering, 7
together with a more compact L
assembly “Cg

In a popular configuration, plastic % :

degraders and lead scatterers are
combined to achieve simultaneous 2
longitudinal and lateral dose p PSP
spreading

LUDWIG-
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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

22
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Longitudinal beam spreading
d) Wedge (for cyclotron -based proton therapy facilities)

1]

Rolled-up wedge degrader
220-70 MeV (IBA)

Beam analysis:
energy selection

dp/p<+1%
Multiple wedge degrader
238-70 MeV (PSI)
5 mm ARange in 50 ms
Production of particie beams. cyclotrons, Marco Schippers, PSI PTCOG Heidelberg 28 sept 2009 L]
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Longitudinal beam spreading

d) Wedge

degrader system

Collimators define

transmitted beam size

Degrader purpose: decrease energy
however: - energy spread increases
- beam loss due to nuclear reactions in degrader

- beam size increases due to multiple scattering

otal transmission (%)

Degrader material:
0] Berillyum

eve Carbon

dp/p = +0.6%

Eyy = Mn mm.mrad

-Beam intensity from

the cyclotron must be high enough

T T A FE T T e
100 120 140 160 180 200 220 240
Degraded beam energy (MeV)

Van Goethem et al., Phys. Med. Biol. 54 (2009)5831

Production of parlcle beams. cyciolions, Marco Schippers, PSI

PTCOG Hedelberg 28 sept 2008 7

18.05.2020
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3D dose conformation

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

A: Particle range (80% SOBP falloff)

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

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

Depth Direction
D E

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

E: lateral penumbra (80% -20%)

Transverse Direction

LUDWIG-
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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

* Cutting~%2h  §
» Cutting accuracy
+0.2 mm MGH Boston

24
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Patient specific beam conformation

a) Aperture or collimator
The collimator results in lateral penumbra

a— 0 0 0
Beam size x, T
TN - .
Ly “'/ \ f
Collimator ; ] % ' X
\ y X / X
L Xp Z,
— = Le Xb : i
x L s = Pl
Geometric Representation of Collimation + LR oy
’," \\ /‘f'\ (. v
) ) [ 1) :
Geometric representation of the / \ {1\ :
evolution of the penumbra (top), and its // \ o '
phase space representation (right, top) / ' | *
with projections along the vertical lines /
A A Berrd] A q e 0 N 0 x ARSI S,
for the intensity distribution with 6 4 2 0 2 -6 4 2 0 2 4 6 T
position (right, bottom) Optical Repr of Colli
Flanz, MGH
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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

High-density
N Structure Treatment
Volume

—=] Targel
Volume

Critical
Structure

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)

LUDWIG-
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Patient specific beam conformation

b) Range compensator
Alternative production by assembled multi -layer range compensators

o
Polyethylene plate
with 3mm thickness

Cut by punching » //
* -
4

=

Stacking of plastic plates
(HIMAC)

o 1 o

. »

*Thickness of plate 3 mm

* Accuracy of punching
0.5 mm

* 20 s for one plate

* 40 — 50 min for a
compensator

26
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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
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1%

High dose region

SOBP has fixed extension
A Dose conformation at distal edge only
A High skin dose, esp. at field edges

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

* 40 pairs of iron
plates

* 3.75 mm thick

* Maximum field
size 150 mm?

*» Accuracy of leaf

position £0.5 mm

Minohara et al, GHMC
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(a) Fixed Modulation

Target

- Fixed depth modulation
= Fixed lateral collimation
e N
Bea .
— E Dose conformation

. only at distal end
Fixe!

collimator

Target volume
EATreatment volume

1t

Variable depth modulation
Collimation of sub fields

Dose conformation
also at proximal edge

¥
[TI¢

collimator Minipeak
width 56
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Passive beam delivery
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Passive beam delivery

HollandPTC

Ir. H. de Vroome  12-3-2013
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beams with range compensato Protons
& fixed modulation

bl

Single passively scattered
field

. 30
|

Fixed extent SOBP leads to poor sparing of normal
tissue proximal to target

Tony Lomax, PSI

Roelf Slopema

Luowic: Passive beam delivery
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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

Physical Dose

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

Carbon 400 MeV/u Carbon 400MeV/u
toomm  60mm  20mm
120mm  80mm  40mm

Biological Dose

Physical depth dose Biological effective dose

Image: Kanai (1999)

18.05.2020
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How to reduce the material in
the beam path ?

R e (Semi)-active beam delivery
LMu UNIVERSITAT

MONCHEN

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 beenproposed, mostly consisting of two magnets having
perpendicular fields to each other and to the beam path

~+—=

Scatter system Collimator Scanning magnet

17 May 2020 K. Parodi 62
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(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

U

17 May 2020

Wobbler Magnets
Horizontally Deflecting

K. Parodi

63
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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 magnetic current, the beam is rotated and
produces a dose distribution like a torus

d) Single wobbling

-
>Q 1l
,

X

Yonai et al Med Phys 2008

Dose
'y

Afer Chu et al

Radius

Wobbled Beam 1

18.05.2020
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Active magnetic shaping Dose

Afer Chu et al
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

Radius

Unwobbled Beam

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 Wobbled Beam 2

Wobbled Beam 1

Luowis- (Semi)-active beam delivery

MU
Active magnetic shaping
a) Beam wobbling

8 c¢cm Field 17 ¢m Field 30 cm Field

-

Relative Dose
bt
[+

. . v e v A
-12-8-4 0 4 B8 12-12-8-4 0 4 8 1:~12-8 -4 0 4 8 12
Tranaverse Position {cm)

FIG. 42. A large-area flat dose is produced by appropriately summing
several Gaussian-like profiles of different wobble radii with appropriate
flux fractions. The doses at various wobble radii and their sum are shown
rOI 3 ! diﬁefcnt sj-m Of thc ﬂat ﬁ.CIdS- Rev. Scl. Instrum., Vol. 64, No. 8, August 1993
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Active magnetic shaping
a) Beamwobbling

Beam
Beam

Wobbling
Magnets

# 1 % Larger field generation

i needs thicker scatterers. i (thinner than scatterers

I collimator

), 998\

Double scattering system Wobbling system

(Dual-ring)
HollandPTC Ir. H. de Vroome

Scatterer spreads the beam.

Il 2 :'-,_for the double scattering system)

dose

12-3-2013
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Active magnetic shaping
a) Beam wobbling for 12C ions

Beamline at HIMAC

Multi-leaf
Caollimatar

Wobbler
bl Scatterer Monlisie

Ridge Filter, ;

Range Shifter

18.05.2020
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Active magnetic shaping
a) Beam wobbling for 12C ions

Scanning magnets Gunma, Japan

Scatterers

LUDWIG-
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Active magnetic shaping
a) Beam wobbling for 12C ions

Gunma, Japan

18.05.2020
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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)

Med. Phys. 35 (3), March 2008

e (Semi)-active beam delivery
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Active magnetic shaping
a) Beam wobbling for 12C ions

o spiral wobbling, Fig. 1.6(a): modulated sinusoidal current variation in
waobbler magnets cause the beams to scan a field circularly, with a
radius proportional to the square root of time. The irradiation area in
unit time should be constant;

o zigzag wobbling, Fig. 1.6(b): the wobbler currents are not modulated in
amplitude causing the beam to scan a field umformly i a zigzag
pattern. With this mode the power supply does not have the rapid
change of the wobbler current which is a feature of the spiral method

and which could cause wobbler maEer mstability:

o regulated wabbling, Fig. 1.6(c): the amplitude of the magnetic field
waveforms is varied by multiplying it by a factor o. called degree of
regulation. In this way the regulated wobbling method produce a larger
uniform wrradiation field compared with the normal spiral and zigzag
wobbling methods;

o single-ring wobbling, Fig. 1.6(d): constant sinusoidal current variation

of two orthogonal magnets with the same frequency and with a 90°
phase shift causes the beam to scan a field circularly. The beam is

spread out by a scatterer so to pamnt an annulus.

18.05.2020
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LoD (Semi)-active beam delivery

MU
Active magnetic shaping
a) Beam wobbling for 12C ions

15 ; T T ’ : g 200———
E —a— Spiral
§ —®—Zigzag
= —*— Regulated zigzag
B a——— -SE 150({ — Single-ring
§- 1.0 £ e . G E : :
g R iR o3 :
8 X Sg :
3 £E 100f---
° Meas. 4 Spiral ) :
g o Zigag 3E el
Z 05 = Regulated zigzag E“é‘ :
g :
s g 500
L —— Single-ring N g /
—-:— Regulated zigzag g 2 ¥
0 1 . Y . 1 k) s 5 H : : .
2150 -100 -0 0 50 100 150 OS5 10 15 150 155 200
Distance from the center [mm] Maximum amplitude, A, [mm]
Lateral dose distribution by a beam of Uniform irradiation field size in dependence
25mm and a maximum amplitude of of maximum amplitude for zigzag and spiral
125mm for an irradiation time of 60s wobbling with an initial beam of 25 mm

Med. Phys. 35 (3), March 2008

R e (Semi)-active beam delivery
LMU| e
Active magnetic shaping

Z#e¥Ngb_hkfel\Zggbg" :_e" b' " &e[ "Zfeptk

Uniform Scanning ?

Constant Beam LRI
‘ S :
R &I 3Hz/ 30 Hz

|
el saw tooth

Range Modulator Aperture & Bolus. Turmor

Scanning Magnets
Scatterer
e | e
i e
H

Small
Scattering

Pullback from RM & FS
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Active magnetic shaping

A

/
!
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\ ‘ |
i
VAN
\y / \
VARVAAY
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Scanning pattern created by the two perpendicular dipoles, one
operating at a frequency of 3 Hz the other at 30 Hz.

V
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R (Semi)-active beam delivery

LMU| e || |
Active magnetic shaping

Z#e¥Ngb_hkfel\Zggbg | e"b'""" &e[~"Zfeplt

80%-20% distal fall-off [cm]

5.00 10.00 15.00 20.00 2500 30.00 35.00

Range in patient [g/cm2] R Slopsama, 2008
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LuowiG- (Semi)-active beam delivery

LM
Active magnetic shaping
Z#e¥Ngb_hkfel\Zggbg | e"b" " &e[~Zfeplt

Range [g/cm]

|
Luowic- (Semi)-active beam delivery

LMU| 55 |
Active magnetic shaping
Z#e¥Ngb_hkfel\Zggbg | e"b'""" &e[~"Zfeplt

i

Neutron Dose

Reduction of

Neutron dose per proton dose [mSv / (Gy CGE)]
| point2 |
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& | oe | 047 ]
o6 | oo | o042 |
[ 031 | o1 | o081 |

39



i |

Neutron production: protons vs. carbon

Maximum beam energy ~ Method for making
a laterally uniform
irradiation field®

Beam in the radiolherapyh
Facility ~ species® (MeV/u)

Precollimator”

HIMAC C 400 w
HIBMC  Clp 320(C), 210(p) w
scc p 220 w
NCCHE p 235 D
PMRC  p 250 D

FLC (aluminum)
2 RCs (aluminum)  MLC (iron)/

2 RCs (aluminum)  MLC (iron)/

Neutron ambient dose equival

per the treatment absorbed dos
@

2 05

0.0

<A
-
Final collimator® 03
MLC (iron)/ (3
PC (brass) e

PC (brass)

%‘
o
.
[
C
PC (brass) <.
@

——p250 (PMRC)
—8— 235 (NCCHE)
—— p220(SCC)
| —*—p210 (HIBMC)
—%— C400 (HIMAC)
—8— (320 (HIBMC)

=~

A
Th—

50 100 150 200 250

Distance from the isocenter, d [em]

a) Maximum beam energy at each beam line

Measurement of neutron ambient dose equivalent in passive carbon-ion
and proton radiotherapies, S. Yonai et al. Medical Physics (2008),

UNIVERSITAT
MONCHEN

R e (Semi)-active beam delivery E
LMU

Active magnetic shaping

Z#te, "Zfeph[[ebg e"hke¥ngb_hkfel\Zggt

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

Wobbler Magnets
rizontally Deflecting

Unwobbled Beam

Wobbled Beam 1

Wobbled Beam 2 o —

Volume

adus

18.05.2020
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Active magnetic shaping

a) Beam scanning

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

Scan Magnels

Q‘? 1S|uw

IIIEIII]I i

i

Beam =9
TV,
- Tx
Isocenter
Rev. Scl. Instrum., Vol. 64, No. 8, August 1993 )
17 May 2020 K. Parodi 81

LUDWIG-

MAXIMILIANS-
UNIVERSITAT
MONCHEN

Single beam... ( lateral scanning

+ scanning in depth = 3d conformed dose)
http://p -therapie.web.psi.ch/
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ge compensator

d modulation
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©AMahr

The target volume is subdivided into several slices,
each related to a specific particle range.

18.05.2020
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Active magnetic shaping Image: GSI

polfaces

a) Beam scanning PRI

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)

Image: Chu (1993)
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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

* Typical size of 1 liter (most often less, our max. value 4 liters)

- Assumed beam size: 3 mm sigma

- Derived grid size: 5 mm (21 spot lateral - 23 in depth)
* 21x21x23~10000 spots / liter
- We assume a beam-ON treatment time of 1.5 minute

+ Average 10 ms/spot

* Due to the non-uniform spot weights distribution for a uniform SOBP

*+ Most distal spots ~60 ms

* Most proximal ~ ~3 ms
(with beam spot weight optimization we accept spots down to 0.5 ms)

* Treatment is roughly proportional to the volume
or surface depending on the shape (beam ON time of high weighted distal Bragg peaks)

* Required intensity for 1 Min - 1 Gy - 1 Liter:
= 0.2nA proton current For a total of ~ 101 protons!

“F 171" E. Pedroni - Center for Proton Radiation Therapy - Paul Scherrer Institute - PTCOG Educational meeting ~ 19/5/08 13
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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

FWHM of beam: 4 E10 mm
Beam intensity: 1-106 E4-10 jons/s

Source: GSI

18.05.2020
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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)

Rev. Scl. Instrum., Vol. 64, No. 8, August 1993

EBET n T‘By

(b)[‘l B By
=i %%74

i
J

B

Motion of the target
i iny direction

FIG. 47. Schematics of various raster-scanning techniques. For each
method, the scan pattern is shown in the left diagram, and the magnetic
field wave forms are shown in the right two diagrams. Shown are (a)
parallel rasters, (b) zigzag rasters, (c) sinusoidal scan, and (d) fast line

scan plus the target motion.
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Active magnetic shaping
Lateral scanning modes
* Spot scanning
— Single spots — dose shaping by
changing the spot time duration
+ beam OFF in between spots
— PSI Gantry 1
+ beam ON from spot to spot
— GSl raster scanning
» Continuous scanning
— Magnetic painting

+ Dose shaping by adapting the
magnet speed to the dose rate

— PSI Gantry 2
— Beam intensity painting

+ Max. speed — dose shaping by

beam intensity modulation
— PSI Gantry 2

A

Spot scanning (G1)

Spot scanning (G2)

Raster scanning (GSI)

I.M. line scanning (G2)  |.M. contour scanning (G2)
- PSE, E. Pedroni - Center for Proton Radiation Therapy - Paul Scherrer Instilute - PTCOG Educational meeting — 19/5/08 5
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Dose lateral uniformity in beam scanning Y " FWAM =06

Overlap a large number of single beams 12 d/FWHM = 1.0
- Single beam spot

+ + o ‘ FT T
+ + + + 06
04
+ 4 t + 02
i 0 — .
+ % AL -4 2 0 2 4
+ + # +
+ + + + + + +

Source: GSI Darmstadt
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Dose lateral uniformity in beam scanning
The dilemma of the pencil beam dimensions

Small sigma Y large number of beam spots A proton pencil beam
Large sigma Y large penumbra

Small energy spread Y large number of layers
Large energy spread Y slow distal fall off

Images: Zufong Li
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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)

30

N
o

50 MeV
Calculation for an initial 5mm

N
o

protons
'°C ions

FWHM beam passing
through a pencil beam nozzle

Beam width FWHM [mm]
= o

o

(minor material in beam
path), a 1m airgap and a
water phantom

]
< nozzle D

0

20 40

60

80 100 120 140 160

Distance from exit window [cm]
U. Weber, Rhon-Klinikum AG
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Dose lateral uniformity in beam scanning

Spot sizes in air of dedicated proton therapy facilities

1.1

0.9
0.8
0.7
0.6
0.5

0.4

Spot size (1 sigma, cm)

0.3
0.2

0.1

Spot size in air, nho pre-absorber

IBA (promised)
VARIAN
PSI

(residual) Range (cm)

%
IGNERGEISHER T Delft
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Comparingpenumbraof broadbeamsand pencilbeams

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,
Pencil be{ln size  intensity modulation and/or MLC/aperture

(range shifter)

N Initial size at source (broad beam)

18.05.2020
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