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Accelerators

currently in use

for particle therapy

Marco Schippers
(A== PAUL SCHERRER INSTITUT

Goal of this lecture: give you an idea on possibilities
of current accelerators

Marco Schippers, PSI PTCOG Educational session, Tokyo, May 2017
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iy Contents -

« electric and magnetic fields

 synchrotron

e cyclotron

Vendors are acknowledged for sharing information and images !

More details in e.g.:H. Paganetti (ed.), Proton Therapy Physics, Chapter 3
J.M. Schippers, Rev. Acc. Science and Techn. 2 (2009) 179-200
J.M. Schippers IEEE Transact. Nucl. Sc. 63, 2 (2016) 939-948.
T. Haberer et al., Radiother. Oncol. 73 S186-90
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Electric and Magnetic fields
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iy Electric fields =1 o

Protoninrest ., . proton has been accelerated
charge g=1 El toan energy of gxV=1 eV

o)

E t Electric fields are limited in strength

+ — But:
V=1 Volt Repeated acceleration = high energy

NN NN
E = gqV+qV+qV+qV+.......

Accelerators, Marco Schippers, PSI PTCOG Educational session, Tokyo, May 2017 4
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“mlly Electric fields =] oo

Electic field

pical (p) energies: up to 250 MeV

deflection negligibg
when E > ~1¢ MeV

Typ. Max:
100 kV

- focusing/deflection with E-fields mostly at low energy

(e.g. in injection line of synchrotron
and in center of cyclotron)

Accelerators, Marco Schippers, PSI PTCOG Educational session, Tokyo, May 2017 5
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Magnetic fields SRS

Magnetic field B
Lorentz Force : = ‘ ‘ /

velocity v

“centripetal force” = Lorentz force :
mv4/r = Bqv

= track = circular orbit with radius r
= small r + high Energy: needs strong B

Accelerators, Marco Schippers, PSI

PTCOG Educational session, Tokyo, May 2017 6
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v Summary = o

Electromagnetic fields are used for:

E: acceleration

B: deflection and focusing

Accelerators, Marco Schippers, PSI PTCOG Educational session, Tokyo, May 2017 7
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Present accelerator choice o=

cyclotron synchrotron

Protons In use, ¥2-5m In use, ¥8-10 m

Carbonions | |n development _

Accelerators, Marco Schippers, PSI PTCOG Educational session, Tokyo, May 2017 8




Synchrotrons for protons
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Heavy lon Medical
Accelerator in Chiba
(HIMAC)
stably supporting charged
particle therapy

Hitachi

Accelerators, Marco Schippers, PSI

PTCOG Educational session, Tokyo, May 2017 9
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“?} Acceleration in synchrotron | e(-]=

magnets
Acceleration O N
— Voltage at v A\ —F

\ §J(\\ /
RF frequency f \/ \/ \/

At electrode slit crossing:
Energy increases: Energy gain AE=V.q

- speed T

> RF frequency T my

- field in magnets TB— — I =constant!
q

Magnets and RF frequency
change Synchronous to particle revolution frequency

Accelerators, Marco Schippers, PSI PTCOG Educational session, Tokyo, May 2017 10
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Set beam energy o =

Energy adjustable per spill

1 spill several spills
(.
> Slow Extraction 5 | In development }7
o))
o | %%  0.5-5sec 0
o T 5
% \ ecel.
0 . -
m Accerelation 0
Q
Injection il
! — 0 5 10 15 20
Time

Time (s)

Accelerators, Marco Schippers, PSI PTCOG Educational session, Tokyo, May 2017 11
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wd) | Beam extraction from synchrotron | e(=={ jm

Unstable orbits }

RF-Knock Out boundary of

. e - extracted
orbit/stability il

=

RF kicker: increases
emittance (beam =, N
size) Beam shape:
e st <>
Gantry rotation !l

Accelerators, Marco Schippers, PSI PTCOG Educational session, Tokyo, May 2017 12



%’p Compact synchrotron
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[

ProTom 330 MeV

2012: Installation at:
McLaren, Flint (Mi)
MGH Boston (Ma)

HITACHI

Inspire the Next :’

¥ Microwave Y
lon Source

220 MeV
First facility in Hokkaido started 2013

Accelerators, Marco Schippers, PSI

PTCOG Educational session, Tokyo, May 2017 13
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%_’ Characteristics of Synchrotron| e(jm

=> a synchrotron provides:

- adjustable energy
- high Energy (ions!)
- any particle (if designed for)

- low radioactivity

Disadvantages:
- limited average intensity (ring filling)
- spill structure => limited average dose rate
- noisy beam intensity
- large footprint

Accelerators, Marco Schippers, PSI PTCOG Educational session, Tokyo, May 2017 14



PAUL SCHERRER INSTITUT

Cyclotron (1930) ~pe

Proton source
RF electrodes

n

N g\ !1
RF-Voltage "Vd eem (/"/"‘ oeecce

/

RF frequency f
At electrode slit crossing: -

"De
\
Energy gain  AE=V,,,

Septum

27r.m
T = cathode

circle — q—B

Accelerators, Marco Schippers, PSI PTCOG Educational session, Tokyo, May 2017 15
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Cyclotron -

V (ACCEL/Var'lan 2005)

= 50 Me

‘\_': ; -e.( \‘ : ‘_“L AR J \ i

_—

Accelerators, Marco Schippers, PSI PTCOG Educational session, Tokyo, May 2017 16
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@" 250 MeV proton cyclotron | e(=={jm

Closed He system
4 cryocoolers

Proton source

superconducting coils
=>3T

4 RF-cavities: -
~80 kV at 72 MHz L

VARTAN

medical systems

Accelerators, Marco Schippers, PSI PTCOG Educational session, Tokyo, May 2017 17
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Max. intensity set by:
discharge in proton so

A . N
Deflector plate: | #* | vermes
sets intensity

- WIThln mS | Beam
- 3% accuracy ol

—
currently only possible |2 4 6 81
with a cyclotron rme

Accelerators, Marco Schippers, PSI PTCOG Educational session, Tokyo, May 2017 18



Extraction from cyclotron
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- ] -

Sepuum Cathode
Trs at -50 kV
Last turns

Extracted beam

Low radioacivfivity

Accelerators, Marco Schippers, PSI PTCOG Educational session, Tokyo, May 2017 19



@" Degrader and energy selection | es{--

multi-wedge

235-67 MeV (PSI) Rolled-up wedge

220-70 MeV v

Beam analysis:
energy selection
AE/E < + 2%

Nr of protons

AE/E

Accelerators, Marco Schippers, PSI PTCOG Educational session, Tokyo, May 2017 20




a' Synchro-Cyclotron
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OMEVION

medical systems

IBA: S2C2

A - |
First beam extracted in May 2010 First beam at IBA in 2013

Accelerators, Marco Schippers, PSI PTCOG Educational session, Tokyo, May 2017 21
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small cyclotron: strong field| a-=m

|
| ‘.
' I
’ /
| / /
/ / / -~
\ [ Y A Vde

= Magnetic field decreases with radius

|
|
| \
I |
I [
I /
|
|
|

e

@ 272' M = patrticles lose pace with

cle — = Tcircle T frequency of Vdee (RF).

Accelerators, Marco Schippers, PSI PTCOG Educational session, Tokyo, May 2017 22
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mlly Synchro-Cyclotron T

Remedy to compensate increase of T e fRF =~1/ T e

Synchrocyclotron
(=CLASSICAL TRICK e.g. Harvard, Uppsala)

Decrease fRF with radius and extract

Accelerators, Marco Schippers, PSI PTCOG Educational session, Tokyo, May 2017 23
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-ty Synchro-Cyclotron a1

Remedy to compensate increase of Tcircle fRF =~1/ Tcircle

Synchrocyclotron
( =CLASSICAL TRICK e.g. Harvard,
Uppsala)

Decrease fRF with radius and extract

Each pulse: set intensi source within ms

(=> typ 10-30% accuracy)

=> Spot scanning requires >2 pulses per spot.

Accelerators, Marco Schippers, PSI PTCOG Educational session, Tokyo, May 2017 24
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Characteristics of a cyclotron -

=> a cyclotron provides:
- continuous beam (but synchrocycl: pulsed)
- very fast and accurate intensity control
- great reliability (few components)
- small footprint

+ Energy change with fast degrader and fast magnets

Disadvantages: - activation of components near degrader
- no carbon ions (yet)

Accelerators, Marco Schippers, PSI PTCOG Educational session, Tokyo, May 2017 25



Time structures of beams

o=

intensity

intensity

intensity

DC Ideal
N\
start field~ \ end
R \
Time/(slec-min) AN
/ N\
/ N\

Z
DC pulsed cyclotron

1ns 14 ns € RF freq
Time (ns-is)

=

intensit
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Synchrotron

Spill
I TR

Time (sec-min)

ulsed synchrocyclotron

10-20 ps . 1oms |

Time (ms)

Accelerators, Marco Schippers, PSI
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“ully New developments -1 Juo

New types of accelerators, e.g.:

FFAG, Linac based acc, Laser, Laser-Plasma ....

Great developments !
But do not only check price:

* treatment quality > now ?

BASIS of
Particle Th.

organisation:
medical device, service, upgrades ?

Accelerators, Marco Schippers, PSI PTCOG Educational session, Tokyo, May 2017 27
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some differences...
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o ]

(syn-)cyclotron synchrotron
Carbon ions In development easy
Change particle In development easy
Time structure continuous(SC:pulsed) spills

Fast E-scanning
Activation degrader
Intensity

Intensity stability

degrader

to be shielded
“any”’(SC:low),
3-5%

next spill +developm
no

limited, per spill
15-20% +developm

Size & 3.5-5m (SC<2) 6-8 m ( C: 25 m)
Scattering ok ok

Spot scanning ok (SC: >2 pulses/spot) ok

Fast continuous scanning |ok (SC: no) difficult

Accelerators, Marco Schippers, PSI

PTCOG Educational session, Tokyo, May 2017 30



-l Synchrotron beam: spillS | e[

Beam intensity

— < Time -
05-1sec 1-10sec

“spill” time:
« fill ring with ~ 10° - particles
« accelerate to desired energy
« extract slowly during 1-10 sec

» decelerate and dump unused particles

Accelerators, Marco Schippers, PSI PTCOG Educational session, Tokyo, May 2017 31



