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do.@ ....Just bring the beam to the patient...

The CERN Accelerator Scheol
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 Stability of position, size, transmission

* Reproducibility of position, size, transmission

 Efficient beam transport; not too many, but known, losses

* Energy selection system

 Dispersion free (=energy independent) beam transport

* Unique on-line verifications of essential parameters

» Fast reaction: low switching time

* Apply the right dose at correct position
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OO Modules in hadron therapy facilities | e )=

The CERN Accelerator Scheol

energy selection

gantry / fixed hor. line
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The CERN Accelerator School

Contents of lecture

 Processes in dose delivery
e Beam transport
e Beam energy

e Gantries and scanning
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Scattering

The CERN Accelerator School

PAUL SCHERRER I

o=

NSTITUT

=

Nuclear Coulomb scattering

& & & & &8 & @

Multiple scatter angle

- Almost no energy loss (,elastic”)

Nucleus is several times heavier as a proton

- Much larger deflection than from electrons

Transport of beams

Marco Schippers, PSI
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oo, Scattering
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Multiple Scattering

Cone includes 68% of
scattered particles

Z atomic number
A atomic mass

p density /
Vﬂm‘,/\ "B /flrom nuclei.
+“—>
d
. AE ~()2
Note: Scattering V2

becomes effective at
some distance

nergy loss: slow down by electrons.
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D Scattering vs Energy loss o=
Energy loss Scattering
(Z;A) & fz 0 ~
N \, dx | A
Water (8 ; 16) 0.5
Tungsten (74 ;184): \0.4 4

=> More scatter at heavy materials

250 MeV p: 1cmH,0 1mmW
Energy loss: AE= 4 MeV 4 MeV

Scattering angle: O=5mrad 16 mrad
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do.@ Nozzle for a scanning beam | @I jm

The CERN Accelerator School

Light material: Range shifter

energy loss for shallow depth
without too much scatter

Scanning magnet

m (l\’\a\»ﬂ‘Oe iR

\acuu

B 2 -
E—
Dose monitors
Short distance
Vacuum window close to patient . e
reduces scatter in air prevents increase of pencil beam s|Z
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L0 Nozzle design e g

The CERN Accelerator Scheol

Scanning only

I I Beam pipe

‘ —4[ ‘Nozzledistance between}

— 4 Material
177 MeV In nozzle

15 cm
10 cm
5cm

nozzle and patient

=
- =
] S
,patlent}L e

Ocm

patient FWHM

0 10 20 30
| distance (cm)

Rules for material in the beam (compensator, monitor...):
-as close as possible to the patient - Small distances

-Or very far up stream - Clean up and losses

-Intermediate solution: - Worst option

Figuren: Eros Pedroni, ror
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The CERN Accelerator School

Beam Transport
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ayout of proton-synchrotron facilities =

The CERN Accelerator Scheol

THE GANTRY

Three gantries resembling giant ferris wheels can rotate around the patient and direct
the proton beam to a precise point. Each gantry weighs about 90 tons and stands
three stories tall. The 35-foor-diameter gantries support the bending and focusing
magnets to direct the beam, and have counterweights for extra radiation shielding.

= ! _’_L’ —Smm—

1|

Optivus
*(Loma Linda)
3

STATIONARY BEAM
The stationary beam has two branches, one for
irradiating eve twmors and the other for central
o NErvous system tumors.

THE INJECTOR
Protons are stripped out of the
nucleus of hydrogen atoms and sent
to the accelerator.

Hitachi
(Houston)
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Layout of cyclotron facilities
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RO Tl SOUEsET e e 15 WSR-S0 LH I

thirds the spaed of Bght

Irydrogen prolons 1o bwo- wepighs. 200, 000 s
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de. @) Layout of cyclotron facilities
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AME1
Gantry-1
e
__1____________ | ;
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the PROSCAN facility, PSI
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OO Optics of optimal beam transport |e(-=jm

The CERM Accelerator School
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focused
defocused -

[EIUOZLOY

Robust optics:
Intermediate images
separation of functions

Matching to gantry
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00 Matching to Gantry SRS

The CERN Accelerator School

e Match the emittance

e Collimator at gantry coupling

> @
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COOGantry connection=check point

The CERN Accelerator Scheol

Intensity

. WA Profile monitor }
monitor

[collimator Halo monitor }
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- Beam energy
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00 Vary energy o -

The CERN Accelerator Scheol
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DOSE

Tumor thickness

—> spread-out Bragg peak

- energy modulation

During trmt = ,fast“ (<0.1 sec)

:],g_E Spread-out Bragg peak

Range
Tumor distal edge
- Range
- Maximum Energy
per field - ,slow” (sec)

Methods:
1) ataccelerator

2) Just before patient (in “nozzle™)
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00 Vary energy - -

eeeeeeeeeeeeeeeeeeeeeee

Vary energy at accelerator %
Synchrotron: Set energy at each spill: E
AN
=>» Sets range only R
= energy modulation in nozzle 0 5 - 10 15 20
ime (s)

Cyclotron has fixed energy => slow down (degrade) to desired energy

o Me¥

=>» Sets range

And, if fast enough
+ fast magnets:

=» also energy modulation

— E;?O"ZS

fast degrader
at cyclotron exit (PSI)
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OO Energy selection system |e(-={m

The CERN Accelerator School

multi-wedge
235-67 MeV (PSlI) Rolled-up wedge

220-70 MeV  (IBALA -

(Vg

-

% Beam analysis:
S energy

B selection

| -

Z

AE/E
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do@) Vary energy

The CERN Accelerator School

_ All following magnets:
Degrader unit 1% field change

{ in 50-80 ms

Steerer

Dipole magnets in
beam line: &
1.1T
190 A
100 A/s
(1-1.4 H)

Carbon wedge degrader
238-70 MeV
5 mm ARange in 50 ms
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(fx)\ESS: Energy selection system e jm

The CERN Accelerator School

P
- 1

Cyqlp

Beam analysis:

energy selection
dp/p <z 1%

or: dE/E< = 2%
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Jdo @) ESS in cyclotron facilities o

The CERN Accelerator Scheol

RO Tl SOUEsET e e S INNEE-E0NES HI Ao
rydnogen peolons 1o bwo- waighs. 200,000 bs
thirds the spaed of ight
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0D Energy selection system |e(={jm

The CERN Accelerator School

Track of dp/p=1%_*°

odifferent from pog— | |
S =
o o o [ d
8— I ) P q N\ ]
.2 |/ Vertica e f\_,/\/
e E‘ p—— } } } } ' ; } 7
(@) Kol .
o = & Horizontal
_'_O’o
R
@ —
I
=

Achromatic
focus: dp=0%

S S22 2

Transport of beams Marco Schippers, PSI *&& CAS Vésendorf, May 30, 2015



& PAUL SCHERRER INSTITUT

0D Energy selection system

The CERN Accelerator School

e

Energy selection slit at
dispersive focus
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e @) Energy selection system | e

The CERN Accelerator School

At dispersive focus: strong correlation between dp/p and hor. position
=> With slits an energy selection can be made

TR e Aperture of +/- 0.5%
1.5] . _
L ) = Degraded from
1.0- ...... !\ _ g |
] ANV [ 250 MeV to:
s = 75 MeV
S N i @ 100 MeV
. \
a 0 Selected momeptum band - = 172 MeV
s ] B ] o 230 Me
-0.5] M) =
] N [ =
-1.0/ DO . »
' _ aperture erture l \\._ 8 6 -4 -2 0 2 4_6
1 ) W relative momentum dp/p (%)
550 i -25 0 25 50"
v X (mm)

Dispersion =37 mm/%
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(‘:\') Fast energy changes o]

The CERN Accelerator School

GVASM, Groupst Users\Groups\Gantry2\Commissioning 23\ 07 DBtendis) 20080725, 212458 1t

| | —IAMAKH[A]
—— AMAKIT [4) 8 = DVAD1 ]|
—— DMAD! [MaV] : —WFIY
— AMF3 [A]
1.5- i
Degrager
AE <~ ARange =5 mm ol
12F -
90° Belﬁhing 80 ms |
) 1005

i

il !
0 5 10 15 20 e o w1 % 1B 1B 1A
) miliseconds o
Time (ms)
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Fast energy adjustment

The CERN Accelerator Scheol
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fast degrader (PSI)

Fast change of penetration depth:

5mm in 80-50 msec

1 liter volume in7 s :
Target repainting:
15-30 scans / 2 min.

Transport of beams
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0D Degrader types PRSI

The CERN Accelerator School

Continuous Range setting

single wedge

multi wedge

Dual wedge
Discrete steps:

single wedge
rolled on a cylinder

Plates equal thickness
Important specs:

-accuracy: AR
-speed 5
-step size Plates with ,binary* thicknesses
-distance to collimator
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Q) Degrader system of IBA and IUCF RS

The CERN Accelerator School

=
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D E-Modulation in nozzle RSl

The CERN Accelerator School

Vary energy in nozzle (cyclotron and synchrotron)

Energy modulation: rotating wheel or insertable plates

"
- s i
i
-
»
- A o
F
£y
i
-
i

But: material in front of patient
- Increases scatter - unsharp edges of dose distr.
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Location of energy definition RS

NSTITUT

The CERN Accelerator Scheol

=

Energy modulation in nozzle: no beam analysis

. |
10 20
Depth in water (am)

Transport of beams
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QO required accuracy for upstream degrading | e = jm

eeeeeeeeeeeeeeeeeeeeeee

Range in water: R ~a.EL77: drR :1,77d_E
R E
(a=2.2x103)

With dependence on Momentum (or magnetic field in Analyser):

— 1. %zllgd_B => d—R=3.2d—B

E\p B R B

(not 2 due to relativity)

So, given 1% error in magnet setting of analysing magnet
- 3.2 % error in Range = 6.4 mm (at R=200 mm)
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Dose delivery techniques: Depth

PAUL SCHERRER INSTITUT

o]

The CERN Accelerator Scheol

Degrader purpose: decrease energy

however: -

energy spread (%) increases
with amount of degradation

degrader system

Collimators define

transmitted beam size

- beam size increases due

- beam loss due to nuclear

,erw\-\ —

AN =
yaa (MR AN
77 U
i 1 BN
— b e

to multiple scattering
reactions in degrader

102 E

* m

-
(=]
TTTT

Total Transmission (%)

> Beam intensity from
cyclotron must be high enough

O Geant4 +TURTLE

easurements

O Geantd4 +TURTLE

* measurements

T
60 80

P T T T [N T T AT T T N S T T A S T N S S M I |
100 120 140 160 180 200 220 240
Degraded beam energy (MeV)

Van Goethem et al., Phys. Med. Biol. 54 (2009)5831
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OO Intensity(E) compensation ~“Ps

eeeeeeeeeeeeeeeeeeeeeee

- 1] Collimators for intensity regulation EE : Eﬂ : Eﬂﬂ B
o o - 5 |
%_ L / \ L chfleed 2.
S _ \ defocused @
3 : Pt : i 2 8
L] ' - cused b
= \=
= \=

focused
defocused]

[EIUOZ oY

i om i

Low E - low Intensity -> focused beam - high transmission

High E = high Intensity - defocused beam - low transmission
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- Typical gantries.....

- Scanning
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Gantry types
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“Corck screw” at
- Loma Linda (Optivus)

Gantry2 at PSI

Proton gantries:
6-11 m J; 100-200 tons

IBA gantry

Transport of beams

Marco Schippers, PSI
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OO Gantry types RS

The CERN Accelerator Scheol

Gantry for carbon ions at HIT Heidelberg

13 m diameter
600 tons

MT Aerospace
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OO0 IBA & PROTOM: smaller gantries |e(—=]m

The CERN Accelerator School

Magnet 70°

Many small
identical bending magnets

@RT&&M

Energy selection slits

Transport of beams Marco Schippers, PSI CAS Vosendorf, May 30, 2015 39



. PAUL SCHERRER INSTITUT

do@ compact ”Gantry 17 at PSI (1996) | «&1m

The CERN Accelerator Scheol

| )A\\ |

plates
scannlng proton
set
Jedalll

depth

/

2 m

Eros Pedroni
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ux) Dose delivery techniques: Width | eZ=jm

dose dISI,»,é
Scatter technique aepen(:ll beam<

scanning

Scatter system

Y.
=
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00 Nozzle design: SAD &=

The CERN Accelerator School

Location scan magnets; SAD (Source-Axis Distance)

Short SAD:
Strong scan magnets

igh skin dose

Lohg SAD:
Larger gantry radius
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g, scanning o -

The CERN Accelerator School

Down-stream scanning:

A + small aperture,

- large radius because of SAD

- small spots difficult

Up-stream scanning:

+ parallel Rgantry

+ small gantry radius
+ small spots possible

- wide aperture SC magnet

Transport of beams Marco Schippers, PSI CAS Vosendorf, May 30, 2015 43
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The CERN Accelerator School

Cyclotron + Gantry-2: fast 3D scanning
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..-_,:‘-,:"
Gantry2 at PSI

scannmg magne’rs (x & y)

for 2D // scannmg

Transport of beams Marco Schippers, PSI
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Beam Optics of Gantry-2
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The CERN Accelerator School

X | (scanning maghets (x & y)

3.2m

for 2D // scanning

8.9 m

Field: 20 x 12 cmz]

Gantry 2 optics: Momentum acceptance: Ap/f =0.7% -
2 (I
O H W
— — e ; D iS .....................................
| W\/, .........................................
’—‘ ’—‘ ’—‘ ’—‘ .....................................
i: LT —
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00 Parallel displacement |a(-={jm

The CERN Accelerator School

Scan magnets

——

Figures from: Eros Pedroni, PSI

In PSI Gantry2:
parallel pencil beam movement

SAD =00

optics with “point—=>parallel imaging”
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The CERN Accelerator School

00000000000
0000000000 O
0000000 O0OO0COO

000000 O0OOOCO

00000 O0O0OODOOO _
00000 O0ODODOOOO 6_3'4-5mm

00000000000 230-100 MeV
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The CERN Accelerator School
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Upstream+Down-stream scanning:
+ small aperture,

- Not too small radius because of SAD
Length 10.0 m

Three trajectories
of a scanned beam

Coupling H-SCAN B45B
point
Radius
2.9 m
B45A
[0 ST T
g Axis of rolation
—
30x30 cm®

H.Vrenken et al., NIM A 426 (1999) 618-624
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do'p, Pencil beam sharpness PSSl

The CERN Accelerator School

90 deg’ . magnet exit

Practical realization at PSI's Gantry-2:

« Vacuum as close as possible to the patient

» Two monitors and a strip monitor =

 Removable pre-absorber (for R<10 cm)

 Longitudinal motion of nozzle
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0

Pencil beam sharpness
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o]

The CERN Accelerator Scheol

Eros Pedroni, David Meer

05+

HRES

Spot size at iso-center, nozzle estracted
T T T T T T T

TO O 80 40 100 110 120 130 140 150 160 170 180 190 200 20 E20 230
Energy [MeV]
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0

The CERN Accelerator School

\3,_
2003%30\80
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