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Aim of new technologies: 1) Reduction of costs
2) Improve techniques / quality

Dose application:
techniques and limitations
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Developments in Gantries

Smaller accelerators

The future In"Proton Therapy..

New accelerator types

A non complete and non-sponsored overview and my personal opinion
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e - mp0se delivery techniques: Depth

DOSE
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Tumor thickness
—> spread-out Bragg peak
—> energy modulation

o.s-f Spread-out Bragg peak

30

Tumor distal edge
- Range
- Maximum Energy

per field = ,slow”
(sec)

Methods:
1) at accelerator
2) just before patient (in “nozzle”)
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a7 m | DoOse delivery: spread in depth

%

All following magnets:
1% field change
in 50-80 ms

250 MeV cyclotron

Carbon wedge degrader
238-70 MeV

—> fast treatment
— fast room switching

Technology Updates-future in Proton Therapy Marco Schippers OMA-Workshop, GSI, Nov.10-12, 2018 5)



PAUL SCHERRER INSTITUT

o = Intensity loss by degrading

Degrader purpose: decrease energy

however: - energy spread increases

- beam loss due to nuclear reactions in degrader

- beam size increases due to multiple scattering

degrader system

-
=]
L

Collimators define

=1
T

transmitted beam size

otal transmission {%)

> Beam intensity has a strong
energy dependence

Degrader material:
O Berillyum

o++e Carbon

dp/p = +£0.6%

Eyxy = 44n mm.mrad

' | 1§ 1§ | ¥ v 4 & 0 v g o 0 s a0 a0 5 ¥ 4 g
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Degraded beam energy (MeV)

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

Technology Updates-future in Proton Therapy Marco Schippers

OMA-Workshop, GSI, Nov.10-12, 2018 6




ﬁ_& B,C as degrader material

RECENT DEVELOPMENT: NEW DEGRADER MATERIAL
Graphite C: p=1.9g/cm3® Z=6, A=12
Boron Carbide B,C: p=2.5g/cm?® Z=5, A=11

— shorter + smaller A=> less beam size increase

MCNPx + Turtle calc for degrading 250> 84 MeV:
BC: diverg: -6% size: -27% =>transmission: +31%

/\' f.d
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a - distribute laterally by scanning

Pencil Beam Scanning:
best dose distribution

Fast magnet
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o 3D Pencil beam scanning
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Ref.: M. Jermann, PTCOG, 2014
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- o Moving organs

Overdosage
130.0 % ..

(clinically not
120.0 %

acceptable)

110.0 %

e 100 % =

Target dose
90.0 %

1 Underdosage
W (clinically not
acceptable)

Bernatowicz et al., Phys. Med. Biol. 58 (2013)

Due to patient breathing -

Interference between:;

motion of target and
motion of heam

- interplay effect
= hot/cold spots
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organ / tumor motion

Possible solutions:

Adaptive scanning

(tumor tracking)

Fast rescanM
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- m | Nextsteps forward in quality:

...So0 now we know what is neeeded:

The Five High's:

- Higher flexibility

igher speed

igher accuracy

igher intensity

igher cost REDUCTION

L
s
s

L

...but how to make it?
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Accelerators
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Present accelerator choice

cyclotron synchrotron
Protons In use, J3.5-5m In use, ©8-10 m
Carbon ions| test phase, &7 m In use, J25 m
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Cyclotron: isochronicity

/ ‘\ Extractor

(almost) circular orbits: my?
= Bqv

Centripetal force = Magnetic force r
2.y 2zx.m
=> TC — ’ TC
Vv Bq
Independent of orbit radius r

ircle ~ 30 ns

ircle —
=> Tcircle

Protons leave cycl. every 30 ns = in fact DC beam
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250 MeV proton cyclotron

Closed He system

4

Proton source

superconducting coils =>

4
80

x 1.9 W @4K

24-38T

RF—cavities
kV on 4 Dees

ACCELNar—ian
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~“psi™ Internal proton source
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Intensity control

-V
|
|

+v‘

Deflector plate

sets intensity
within 50

3% accuracy

Beam

intensity

lon source upper pole 2 4 6 8 10

lower pole
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«--]m Advantages of a cyclotron

=> a cyclotron provides:

- continuous beam

- any intensity

- very fast adjustable intensity
- accurate intensity control

- great reliability

- in development: 450 MeV/nucl Carbon

+ range change of 5 mm <50 ms

(with fast degrader and good magnets + power supplies)
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- - Synchrotron

achi tdﬂ- Extracted beam

Protons only:
(D ~8 m)

lons (p-C):
(D ~25 m)

T " Heidelberg
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Synchrotron

Extraction into beam line —
Ring:
collect 10 particles

acceleration to desired E

storing of the beam
Injection in ring at 7 MeV/nucl

2 linear accelerators in series
Magnet to select ion source

lon sources for different particles

~50 m
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a-{» | Beam extraction from synchrotron

RF_KnOCk Out [ UﬂSTGble or'biTS
- extracted

RF kicker: increases
emittance (beam
size)
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a-[{m [Synchrotron beam: noisy & spills

T e

Beam intensity

3 Time -

0.5-1s

spill structure
* fill ring with ~10* particles >

» accelerate to desired energy

Beam energy

 extract slowly during 1-10 sec

=

5 10 15 20
Time (s)

 decelerate and dump unused bean

—
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«-m | E-Change during extraction

Vary enerqy within spill;
synchrotron Y P

Vary energy at accelerator:

Beam energy

NIRS
_400 |
C g _.
Yoshiyuki Iwata {200 Z
NI
v, 10 anorion | A
treatment time = 50% !!! o | -
0 Time [s], >
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Advantages of a synchrotron

=> a synchrotron provides:

- different ions

- fast switching between ions

- energy can be chosen (decreased during extracion)
- no degrader

- little beam losses

- easy access to components
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Developments
N

Gantries
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Gantry for protons

Proton gantries: R=5-6 m ; 100-200 t.
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=

scanning

Down-stream scanning:

+ small aperture,
- large radius because of SAD
- small spots difficult

Up-stream scanning:

+ parallel
+ small gantry radius

+ small spots possible

- wide aperture SC magnet

Rgantry

N S5 O

Technology Updates-future in Proton Therapy
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PSI Gantry-2: fast 3D scanning
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- SC- Gantry for Proton therapy

Patent licensed to ProNova Solutions, LLC

» Weight: ~ 12 tons

SC magnets:

- Weight - x 0.1
- Length - x 0.8
- Radius - x 0.8
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o= Gantry with SC magnets

—HIT, DKFZ
— World first carbon-gantry

Yoshiyuki Iwata, NIRS, Ciba (Japan):
SC-Gantry for Carbon lons

1 R=7m
600 tons R=5.8 m 200 tons
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o | PSI's SC design: high dp accept.

Range +/- 6 cm
= 12 cm SOBP
-12% dp at 1 magnet setting
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«[-{m | highdp accept using FFA optics

Z;
i1m

\
%

1.1286
°
R
n
W
%
r=2.5
a

4017 m
2.56705 m

1.4384
14384 m

Trbojevic, Brookhaven: FFA beam optics
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Smaller accelerators
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-] Compact synchrotron

I 0%l T S el 3§ Al .

Conventional

Circumference 23m

Footprint 42.5m?

', Microwave Y |# of Magnets
lon Source (Dipoles, Quads)

l-‘ ) ' 8 -
O - £
i .
"
°

3

(6,10)

With

lon Source Type Filament

f
. A
Conventional -

= 220 MeV
= First facility in Hokkaido started in 2013

HITACHI

Inspire the Next
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-] = Smaller proton synchrotron

et HITACHI 18m |
& & _________________ "’I
Inspire the Next :
I 2 \ I
| A A |
| - //\)\(1\ l‘ h’:/‘fz ' |
I 57 "t coma LGS I
| Ny~ . S I
I A \\/'l/\/ 4’»\ I
. Y44 ~
Bending magnet | VTN
/ 2 | b
R : \\
\
. . A \ ,/)
" Injector bending ’ Radio ,/\,% ~
pa— :L =
mechanism frequency -
B accelerator | |
. <y
Electrostatic |
deflector / !
7’
\/1\ //
2

N -

Extraction septum magnet
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a [ | How to minimize the cyclotron?
3-4m 1 m, 25tons
100-200 tons | ?>

250 MeV: Bp =2.4 Tm (Bp = magnetic rigidity)
NOW in cyclotrons: Rpole=0.8m =2 B=3T
To reduce Radius: 2 Rpole=0.3m =2 B=8T

0.3

2
—) = 14% = 20-30 tons
0.8

- weight: (
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a1 = Reduction of of cyclotron size

Varian — 90 Tons
Isochronous
Cyclotron

IBA — 60 Tons
Synchrocyclotron

MEVION — 15 Tons
x Synchrocyclotron
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«Im | Cyclotron: isochronicity

/ l\ Extractor

(almost) ci ar orbits:

2
. . mv
Centripetal force = Magnetic force — =Bqgv
r
2r.r  27.m
Tcircle = = : Tcircle ~ 30 ns
Vv B

=> T.e INdependent of orbit radius r
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Cyclotron with strong field

Problem (1): at very strong magnetic fields:

Problem (2): at very high speed:
Mass of particles increases = T, T

]
Magnetic field decreases with radius = T, . 1 @
@rcle —

Remedy: synchro—cyclotron: pulse RF and decrease fRF with radius

f
FlN TN N T\ .
—>Needed in smaller
time machines !!
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o j» Synchro-Cyclotron

8-10 T 250 MeV Synchro-cyclotron on a gantry

i ‘-}. -

OMEVION

medical systems

In use since dec. 2013
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“psi= Synchro-Cyclotron

8-10 T 250 MeV Synchro-cyclotron on a gantry
(OMEVION

However:

= All degrading and collimation just
before patient

» Pulsed beam => scanning difficult

= $ per treatment room > for multiroom
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“psi= Synchro-Cyclotron

5.6 T 230 MeV Synchro-cyclotron with a gantry

S2C2 5.6T 230 Me\

\synchro-cyclotron
-

= Beam analysis and Pencil Beam Scanning
= First facility with S2C2 started treatments in 2016 in Nice
o Spot scanning only
o Spot size 6.4 mm 2c
o dose per pulse accuracy <30% => fill spot within 2-3 times
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] o Iron-free Magnet Design (MIT)

main coils =

Iron-free superconducting cyclotron, using a set of Main Coils and
two sets of three Shielding Coils to compensate the magnetic field

outside the cyclotron. No jron = low inductance = E change ?
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New accelerator types
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gg]::[b FFAG: Fixed Field Accelerator ¢rac)

FFA= synchro-cyclotron
( fog increases with E )

But: - built as a ring - | x
Scaling FFAG  LowE Non-Scaling FFAG LOW
- with special optics:
strong, alternating gradients. Pamela (UK) FFAG proton ring
=> all orbits/energies fit in ring + booster for Carbon
Recipe: extracted here.

1) inject into ring ————— W
2) 1 MW RF until E reached injectional ="
3) Extract beam =M -, (1

Septum Proton to carbon ring transfer line
Cyclotron

O Sete Carbon Cryostat array

M.K. Craddock and K.R. Symon, Proton ring: &J=12 m

Rev. Acc. Science and Techn., vol. I, (2008) 65-97

Technology Updates-future in Proton Therapy Marco Schippers OMA-Workshop, GSI, Nov.10-12, 2018 46



PAUL SCHERRER INSTITUT

o

FFA's for hadron therapy:

Advantage:

Fast (kHz speed!) energy change in accelerator
Disadvantages:

Heavy (100-200 tons)

Not small (e.g. 12 m &)

Very high power (several MW) needed

Needs an injector (e.g. cyclotron)

Pulsed (although kHz possible)

Nr of particles per pulse uncertain
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TUrnig Linac for Proton therapy

Multi-beam
Klystrons

INJECTOR

A proton linac mounted on a gantr ADVANTAGES:
(cgurtesy of P. Carrio Perez, TEgA Fg/udation) 0 B pel.' pulse
= Small footprint
KAl DISADVANTAGES:
SETIAA SW  orourichap: = Only pulsed
ADAM (CERN) and AVO, UK = Dose per pulse??
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«-[-{m | Laserdriven proton accelerator

thin foil,

Mirror

doped with _
hydrogen Laser light creates plasma and Q
pushes d \\Q
electrons out . : ~. : .
Adjustable distance B Adjustable d |.~:mnc$
L light —> for scanning along x { for scanning along
aser g —> &
Target and beam . 3 /K
_ selection system »
now used: Electric field from electrons Gepgayrotation
L how s » pulls protons out of foil e MQ\I —
X mm pro O Aain laser beam line

Couch

C.M. Ma, Laser Physics, 2006, Vol. 16, No. 4, pp. 639
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a7 | Laserdriven proton accelerator

107 ‘
©
F —
w 10‘r Itlu [ l 1
3 -
o8 . ——
o
b ol
a 10y \/\\\ L AN 1
E \h\.‘“‘\' ' 9 iy g
E 10°F B 'N\.\_'_H
Z 10" "‘\ 1
w |
6 < A i A A " A A i A 11
= 10 2 4 6 8 10

Proton Energy (MeV)

V. Malka et. al., Med. Phys. 31 (2004) 1587

U. Linz and J. Alonso,

Phys. Rev. ST Accel. Beams 10, (2007)094801 |- Optimize spectrum

Disadvantages at the moment:
— Continuous energy spectrum

— Only 10-20 MeV reached

— Not enough protons

— Neutrons

— Pulsed beam (target; laser)

— Low duty cycle (0.1-10 min)

Arbitrary Proton Number (Simulation)

= Still Needed:
- Power increase of factor 100
- Higher repetition rate

- Targets
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—pe Science fiction ?

Plasma wake field accelerator

NEWS FEATURE

THE PLASMA REVOLUTION

(electron) energy doubler
Blumenfeld, et al. Nature 445, 741744 (2007).

N. Patel, Nature 449 133-135 (2007) Particles can surf along giant plasma waves.

Technology Updates-future in Proton Therapy Marco Schippers OMA-Workshop, GSI, Nov.10-12, 2018 51



PAUL SCHERRER INSTITUT

o=

Accelerator status (protons)

>

=

—_

S =

s S

n O |

2D A |

4+ I

C I

() |

L -

= : Dielectr. walll

O | linacs Plasma
|
|

A 4

Time until useable
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- ‘cheap” systems

What are the

compromises ?

Do they have at least the same quality

as current p-therapy ?
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o e Realistic developments

Currently most new ideas are quite interesting,
....but too uncertain to use in a clinic soon.

- s0..... there is still a lot of interesting work!
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«-{m | Whatisin the glass sphere?

But there are many
interesting developments!

The future may look unclear....
the future

Thank You |
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