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~30000-accelerators in the-world

Medical applicationg C. Biscari

®m Radiotherapy

m Hadrontherapy

® lon implantation
Industrial processing

® Biomedicine

® Isotope production
High Energy Machines
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|sotope production

A Isotope production for medical diagnoses purposEgstisotopes produced
by Lawrence in his cyclotron in 1934

A Since then both nuclear reactors and accelerators produce isotopes for an
ever increasing demand

A Accelerators are used to bombard production targets with beams of charged
nucleiimpingingon targets to produce a wide rangangeof isotopes

The range of particle energies and
intensities vary between facilities
10- 100 MeV for commercial
cyclotrons dedicated for isotope
production, with higher energies
available at some research
accelerators

See for example:
http://www.isotopes.qgov/outreach/report
s/Medical Isotope Production Use.pdf
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Cancer:therapy. Xays

1937: first Xrays irradiation from van de Graaff electrostatic machine

1956 : first patient treated with radiotherapy at .
Stanfordg eye tumor >

Since then 40 millions patients have bdesated

Today 50% of cancer patients argay treated (70% in
industrialisedcountries),either aloneor in combination
with other techniques

Electron Linacs (@22 MeV) produce €0 be shot on a e patientto receive

radiation therapy from the

metalllc target and prOduce-myS medical linear accelerator at

Stanford was a 2-year-old boy.

Commercially produced

A Thousands of compact and fully reliable
Linacs are daily treating patients

A Control of radiation dose and radiation
flelds decrease collateral effects

A IMRT = intensity modulated radiation

therapy
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Radiotherapy

Radiotherapy uses electrons and photons to kill cancer cells damaging the DNA.
These particles loose energy at beam entrance and then exponentially.

The depthdose deposition characteristics cause damage also to healthy tissues
Computeraided treatment plans (IMRT) allows to reduce ttosinterpart
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Radiotherapy: and hadrontherapy

Hadrontherapy uses hadrons (protons and ions)

Particles at high energy deposit relatively little energy as they enter an absorbing ma
but tend to deposit extremely large amounts of energy in a very narrow peak, the Bra
peak, as they reach the end of the@mnge: Very localized deptidose deposition
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The depth and magnitude dfe Bragg peak is determined by the
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HadrontherapySpread Out Bragg Peak

It is possible to localize longitudinally the irradiation only on the tumor target:
hadrontherapy is a high precision kind of radiotherapy.
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Macroscopic advantage of hadrons

Photons Protons




Better dose distribution

9 X beams 1 proton beam

Dose %

108

tumor between eyes
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Cellsurvival
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Fig. 2. Survival curves of cells exposed to X-rays (O and @) and
100 KeV/um (7) carbon beams.
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A lonizationbreaks
chemicabonds

A Freeradicalscreation
(mainly hydroxyl
radical, OH and
superoxide, Gr.

Poisonfor the cell!)

A The targetis DNA,
lonizationdistribution
ISrelevant
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| Low LET <20keV/um D> DNA diameter
High LET >50keV/um D <DNA diameter
Very High LET > 1000 keV/um D < DNA diamefer+ Energy

LETLinear Energy Transfe -z 1mm

Hadrontherapy biological basis
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D = distance between ionizations
Energy deposition in matter
Low LET < 20 keV/mm D > DNA diameter
HighLET > 50 keV/mm D < DNA diameter
VeryHigh LET> 1000 keV/mm D < DNA diameter + excess Energy
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RBE relative biological effectiveness

Qualitatively the energy deposited by carbon ions is more efficient, in terms of cell
destruction, than the energy deposited by protons.

The higher efficiency in killing cells is expressed byRIBE, whicls the ratio between

the photon and the ion doses which are necessary for producing the same biologice
effect.

Carbon RBE > 3 in the Bragg peak region
>=1 in the entry channel.

= Photons ]
= Carbon, high energy / low LET 1
= Carbon, low energy / high LET |
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| The survival curve for the target
102 cells for late injury is "curvier” than
that for acute effects

LET (kevum)
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RBEvaries with particle type and energy, dose, dose per fraction,
degree of oxygenation, cell or tissue type, biological end petnt,

Protons
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FIG. 1.1. Variation in depth of the absorbed dose of a monoenergetic (dotted line) and a
spread out clinical (solid line) proton beam of 152 MeV and the corresponding weighted
dose for radiation quality (RQ) (red doited line, right ordinate). The RQ weighted dose
(or RBE weighted dose) is obtained assuming a weighting factor Wy, = 1.1 at all depths,
protons being delivered with the same fractionation conditions as photons (courtesy
F Andreo).
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FIG. 1.2, Comparison of the absorbed dose and isoeffective dose variations with depth in
a carbon ion beam. Carbon ion irradiation of a PTV located between 100 and 160 mm in
depth using a 290 MeViamu beam. The presentation is similar to Fig. 1.1. However, the
RBE of a carbon beam significantly increases with depth. Therefore, in order to obtain a
uniform ‘isoeffective dose” (platean) across the SOBF, the absorbed dose needs to be
adapted (modulated) and decrease with depth. The weighting factors used to derive the
isoeffective dose at different depths are indicated in the figure [1.12] (for more details, see
Annex IV).
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Accelerator desiguoriteria

The kind of the accelerator depends mainly on:
A The species to be accelerated

Penetration range Energyrange

Proton 30-300 mm 60-250MeV/u 1.162.31 Tm
Carbon  30-300mm 120-400MeV/u 3.186.34Tm

A The radiation shaping and delivery method

N

Passive Scanning Active Scanning
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Passive Scanning

Passive scanning is based on putting several absorbers before the patient to
change longitudinal and transverse characteristics

) First
Fine Ridge Collimator
Degrader Filter Final
'y Collimator
scatterer [ |

Cancer
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Active ‘Scanning

Fastmagnetspaintthe
tumour transversally
Eachvoxelisirradiated
during~ 5msec

Anozzlesystem
controlsthe delivered
dose

SeveraBraggpeaks
from the accelerator
paintthe tumour
longitudinally

Radiation Control

Cross-section
through the

oMY Every
a different beam
range. The treated
elements are
shown in green.
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Scannin@eam
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Activevs Passive

Passive systemeedspatient-specifichardware:Bolus Multileaf collimator

Thereare errorson doseirradiation:

ABolusconformsthe mostdistalsurface

AAbsorber s NuclearFragmentations=====s) Tailingof BraggPeak
AHeavyionsneedthicker absorbers s greaterenergyand currentsfrom the
accelerator

Active system needs a more challenging control of beam characterizations and of th
scanning magnets bulows a more precise dose irradiation of the tumor target

.j
|
|
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7 Fla g
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Bolus Collimator
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Movingorgans

Activesystemis criticalin the caseof movingorgans R&Disin progressvorldwide
about severaltechniques Gating repainting beamtracking

Repaintingconsistan underdosinghe tumour andincreasinghe treatmentsessions

Gaitingconsistdan irradiatingonly at aspecificpositionof the organ

Qrgan motion

| ating weinciose

| e |
| | | Caccelerator cycle
| OFF | |
|
M w w - H Ldelivered doze

BeamTrackingis anadjustmentin reattime of treatment plan consideringhe
4D organmotion signal
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Typesof accelerators

Threeacceleratorcanprovideclinicalbeant LINACCyclotronsSynchrotrons
Theenergyand thespeciesf hadrontherapymakeLINAGIp to now not very

practicalandfeasible

NowadaydHadrontherapy centers ai@yclotronsand Synchrotrons

Cyclotrons Synchrotrons

Compact (4 ndiameter) More complicated
cheaper
DCbeam
Highcurrent (hundredsnA)

/ T

More expensive
Pulsedbeam
Lowercurrents(tensnA)
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Typesof accelerators
0 BUT

Cyclotronsare easy foprotons onlyone CHALLENGINRROPOSAgxistsfor carbon

Cyclotron compactnesss partially offset by the placerequiredby the medicalstructure
Passive scanningneededwith cyclotronsbecausethe energyfrom accelerators fixed

while

Synchrotronsan accelerat@rotons andcarbons
A synchrotrondesignedior 300mm C6+ can accelerate=1<=6 and O upo 19 cm.

Synchrotroncanperform activescanning.

3

Nowadayghe besttechnologicalayout for a hadrontherapy centésa
CarbonSynchrotronequippedwith active scanning

A carbonsynchrotronfacility is madeup of:
1. A lowenergyinjector

2. Aring

3. Theextractionlines
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CNAOPavia

Medical and Administrative buildings
| . Accelerator and treatment rooms

'J'“I::-i;".
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CNAO Acceleratorand Treatement Rooms
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Synchrotron hall
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Synchrotrorfacility layout: Injector
heinjectoris placedoutsidethe rinrmaintenanceor insid :@: space

CNAO (Pavia, Italy)
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Synchrotrorfacility layout: Injector

Aninjectoris madeup of:

1. Twoor three sources

2. A LEBT (Low Energgam
Transferine)

3. AlowenergyLinac

4. A MEBT (Medium Energy
BeamTransferine)
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ION SOURCE

Thetype of ionssourcesare PIG, EBI&ut, aboveall,
ECRElectronCyclotronResonancglon Sources

At CNAO ECRsBothcan deliver H3+, C4+ and
other species

v
o Sy
Tt R vy

?
Ve

Built by Pantecknic on INANNS Design

J Double wall, water cooled plasma
chamber, 7 mm diameter aperture for
beam extraction.

wPermanent magnetsystem providing
the axial and radial confinement (axial
field from 0.4 to 1.2 T, radial field 1.1 T)
w [/ 2LIISNI YIRS avYl 3.
microwave injection system = waveguids
to coaxial converter with a tuner to
minimize the reflected power.

w wWC gAYR2¢ F2NJ G
magic cube at high vacuum and the
waveguide at atmospheric pressure.

w ! 3AFLa Aye2SOouArzy .
w ! 5/ 0Ala aeadasy
plasma and decrease the plasma potenti:
AANn RF generator of abodd0 Wat 14.5
GHz (the effective power used in
operation is below 300W).

AFlexible frequency variable travelling
wave tubes amplifierSTWTA) .

Gas areonizedby RFpower at electroncyclotronresonancdrequency(10-18 GHz)
Themagnetictrap for the electronsis obtainedwith a solenoidand anexapolamagnet

Medical applicationg C. Biscari
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Four-rod like type

Energy range = 8 — 400 keV/u
Electrode length = 1.35 m,

Electrode voltage = 70 kV

RF power loss (pulse): about 100 kW
Low duty cycle: around 0.1%

RFQ
0.0080.4MeV/u H3*
0.0080.4MeViu C4

IH
0.4-7 MeV/u H3*
0.4-7 MeV/u C**

3 Integrated magnetic triplet lenses

56 Accelerating gaps

Energy range

Tank length

Inner tank height

Inner tank width

Drift tube aperture diam.
RF power loss (pulse)
Averaged eff. volt. gain

0.4-7 MeV/u
3.77m
0.34m

0.26 m
12-16 mm

= 1MW

5.3 MV/m




MEBT

Quadrupoles for matching
In non dispersive zone

Debuncher to minimize the

injected beam momentum Strippingfoil Beams for
spread treatments
Positions: 10
Foil material: Carbon + o
Foilthickness: 100-200 pg/cm? H 31 H
Foildiameter: 15 mm
4+ 6+
Beam diameter: 5mm C - C
Position accuracy: +0,5mm
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Ring:-SloviExtraction

Dosehomogeneity. £ 2.5% ‘ a single twxtraction(<1 psechot possible

Unstablebut controlledbeambetatron oscillations the motion amplitude
growsuntil an electrostaticseptumallowsthe extractionof the particle.

Extractionmechanisnstronglyinfluencesthe ring design
Optical layout mustjuaranteea machingune nearto anunstablevalue
duringthe extraction
The part of thebeamwith the resonancdune is extracted
In the presentfacilitiesthe unstabletune ischosenN/3. Asextupolarfield
feedsthe resonance
THIRD ORDER RESONANCE SLOW EXTRACTION MECHANISM
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Ring:-SloviExtraction

HorizontalPhaseSpace

at theresonanttune : Steinbaclhdiagram
Electrostatic

[~ 7 7 77 Septum

| , |
ot \\ Unstable
| S Region
\/ Stable Stable

Region Region

Separatrix

Beamcan bedrivento the resonanceconditionby three methods

amplitude amplitudemomentum RFKO
selection selection RF Knoclut
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Ring:.-SloviExtraction

itudeselect amplitudemomentum RFKO
amplitudeselection I

Amplitude
Amplinade Ammplitade

Apip Ay Apip
Aot constantoptics AConstantoptics ﬁConstantopti_cg |
ANarrowdp/p A argebeamdp/p KConstantposition, size
ANot constantposition, AConstaniposition,size energy  €nergyof extractedbeam
size energyof extracted  of extractedbeam ,ZUs_eof atransverseRF
beam AJseof a betatron core exciter

MANo moreused
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Synchrotrorfacility layout: 'Ring

dband RF cavity Air core quadrupole

sistive dipole

Betatron Core

ostatic
m
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Ring "REavity

Accelerations performedwith a single REavityat harmonicl or 2basedon the
principleof ferrite-loadedcavitiesand withtetrode or solid state technologyfor the
amplifier Nowadayderrite often isreplacedby amorphousalloyto reducecawtylength

T] l!" "g‘ F

——
\

Vitrovacamorphousalloy FeCo

Voltage Range 50 10000 V

Vitrovaccurrent 0-10 A
Cavitylength 1.3 m

Q 1-5

Rshunt 900-500 ohm
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Ring:BetatronCore

Highinductancedevice the only activeelement during extractionAll the other
elements, andhus alsahe lattice functions, are kept static, the RF voltagewitched
off. Therefore, the energy of the extractbeéam iskept constant, no RF structure can
appear in the spithnd source®f ripples areaminimised

Toreduceripple spill RFcavityis usedwith
the techniqueof empty bucketchannelling

S Medical applicationg C. Biscari

Fast acceleration

'Waiting | stack

1.8 2 z.5 3 ¢ (I'dd)
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Extractionlines

The beam quality at all the energies (stable position, possibility to have round beat
with more dimensions, RT control of the dose) constraints on magnetic lattices,
power supplies, magnets, control system, Nozzle.

Irradiation from different directions is mandatory. It can be realized:
1. Displacinghe patient
2. Severalinesin the sameroom
3. Gantry

Nowadays gantries for protons arel =X
present in most facilities. R\
A gantry for carbon is more
challenging!

carbon ions gantry

(600 tons at 13 m against the
standard 100 tons at 10 m)

Firstheavyionsgantryat Heidelberg
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CNACExtractionlines

CNAQines 3 treatmentrooms 2 with horizontalline and 1with horizontalandvertical
one. Thebeginningof the line has4 fastmagnets(100microse¢ to dumpthe beamfor
patient security.
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Ordersof magnitude

Doseuniformity required: +2.5%

Treatmentsessionduration: 30 min

Irradiation duration: 3 min
Slicethickness 2C¢4 mm
Spotsize 4-10 mm
Positionprecision 0.1 mm
Energyprecision 104
Spotduration: 5-10 ms
Beamcurrent: 0.1-1nA

Measurementtime: <100 ms
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Energy precision: 10

Energy measured with Bragg peak on water, feedback on position at BPM in
high dispersion regiog Precision much better than accelerator based
measurements

| characterization (1/3)

g —— FLUKA
= 35 = - DATA (norm.)
¢\E 30E- 1‘ ‘ Bragg peak measurements
© t $
2 BE .1 [ ?q
=20 It | /|
s - SELTIN PN
;g 15 - ; 3 *I |
S0 | K
5 o

G A
- v B L . QLL._. L—l L“ I L FLUKA proton ddd database

°O

5 10 15
Depth [cm]

lpot = 76.9 €V

|BP

ErminiaBressj IPAC12
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CNAO DesigRrarameters |

Protons (10Y%spill)
LEBT (*) MEBT SYNC HEBT

nergy [MeV/u] 0.008 7 7-250 60-250

ax[A] 1.3/ 103 0.7 103 51 103 71 109

in [A] 1.3/ 103 701 106 0.1 103 171 1012
ms ged P MM mrad 45 1.9 0.67-4.2 0.671.43(V)
0geolP MM mrad] 180 9.4 3.3421.2 3.347.14 (V)

5.0 (H)

agneticrigidity [T m] 0.013 (0.026) 0.38 0.382.43 0.382.43
0P/P),or NL. O& N1.2-2 . 2)|aN1.23 . 4)] aN0.40 . 6)]a
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CNAO DesigRarameters! ||

Carbon (4-1C C/spill)

LEBT (C*) MEBT SYNC HEBT

nergy [MeV/u] 0.008 7 7-400 120400

ax [A] 0.15 103 0.15 103 1.9 103 21 10°

in [A] 0.15 103 151 106 28] 106 41 1012
ms.ged P MM mrad] 45 1.9 0.736.1 0.731.43(V)
0geolP MM mrad] 180 9.4 3.6630.4 | 3.667.14 (V)

5.0 (H)

agnetic rigidity [T m] 0.039 0.76 0.766.34 3.256.34
DP/P )yt NL. 0& |N122. 0)N122. 9) B(040. 6)
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HON Precision aeviCes 40 patentposition

The reference fractionation scheme consists of fractions@¥/d, five times per week,
specified in the planning target volume (PTV).

. ‘ | e




X-ray Patient Verification System (PVS

3D Real-time IR Optical Tracking (OTS) A2 Xray tubes (deployable) ,

AReal time reconstruction of spherical markers and 2 flat panels (deployable)
surfaces ASupporting structure rotationt180°

ASub-millimeter accuracy : peak 3D errors <O. S5 mm ARotation and deployment accuracy:
A3D data flow @70 Hz 0.15mm,+0.1°

h
. ofF |

Patient Positioning System (PPS)
AAutomatic couch or chair docking
AAbsolute accuracy: & 0. 3 m

2

.

=  Markers low densityfixation
materials



CNAO medical activity

15t patient protons: September 2011

15t patient Carbon lons: September 2012

Threetreatment rooms Operatlonal Distribuzione geografica dei pazienti del CNAO
62 Patients treated with protons 22 Settembre 201426 Luglo 2013

62 treated with Carbon ions

16
14
12

Cranium chordome and chondrosarcoma®’
Sacral chordomandchondrosarcoma
Intracranial meningioma

Salivary glands carcinoma

Trunk sarcoma

o N b~ O

: o 8§ 8 8 8 0o s s 2 g s & s &9
Prostate carcinoma Y2585883%8¢e53928z2¢¢%
c c 5 a2 ® S = ° o
Aero-digestive mucosae melanoma 28§06 8¢ cE=22 5§ £
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E
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Hadrontherapy first proposed by R. Wilson in 1946

R.R. Wilson, “Foreword to the Second Intemational Symposium on
Hadrontherapy,” in Advances in Hadrontherapy . (U. Amaldi, B.
Larsson, Y. Lemoigne, Y., Eds.), Excerpta Medica, Elsevier,
Intemational Congress Series 1144: ix-xiii (1887).

~- Radiological Use of Fast Protons
A ROBERT R. WILSON
Research Laboratory of Physics, Harvard Uainrfﬂy

1 T

XCEPT FOR electrons, the particles per centimeter of path, or specific ioniza-

which have been accelerated to high tion, and this varies almost inversely with

energies by machines such as cyclotrons or  the energy of the proton, Thus the specific

Van de Graaff generators have not been ionization or dose is many times less where
directly . used therapeutically. Rather, the proton enters the tissue at high energy
the neutrons, gamma rays, or artificial than it is in the last centimeter of the path -
radioactivities produced in various reac- where the ion is brought to rest. ¢
tions of the primary particles have been These properties .make it possible to -

aplied to medical problems. This has, in irradiate inter=-lv a strictly localized

* e part, been due to the very short region * B A

=tion in tissue of protons, deu' . 4
' particles from preser
~r-energy mach?

= ligwg Radiology 47: 487-491, 1946

In 1954: 3(patientstreated with protonsat LBL (Lawrence Berkelegboratory

In the next yearsother treatmentsin other researchcenterswere performed

(Uppsala, Harvardyubng St.PetersburgMoscow PSI, Chiba, Tsukyba

In 1990 the firstledicatedhospitalfacility hasstarted treatmentsat LomaLinda (LLUMC
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Firstdedicatedhospital centerfor proton therapy

S EEE e R |

. v Yo ¥ .. d = =224 o et P Ly~
whi 0 R R e k ; e : CR SR Ay T T

%m sefs s
-

Protonsynchrotron(70-250 MeV) equipped with a fixed beam room With two beam Ilnes,
three rotating gantries and a research room with three beam lines.
To date over 15000 patients have been treated.
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Hadrontherapyhistory. RapidGrowth

doubledin last decade

80000 — — 40
70000 — 35
60000 — ~ 30
50000 — — 25
40000 — — 20
30000 — _ 15
20000 — 10
10000 — 1
0

1950 1960 1970 1980 1990 2000 2012
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Hadrontherapy in the world

Uppsala , Sweden ITEP(Moscow), Russia

Clatterbridge , England St. Petersburg, Russia

Nice , France Dubna, Russia

Orsay, France WPTC(Zibo),China

HZB(Berlin), Germany IMP(Langzhou), China

TRIUMF(Vancouver),Canada RPTC(Munich ),Germany NCC, South Korea
o HIT( Heidelberg),Germany

UCSF(California), USA PSI(Villigen ),Switzerland NCC (Kashiwa), Japan
LLUMC( Lomalinda),USA IF}PAN. Poland PMRC (Tsukuba), Japan
I[UHealthPTC ,(Bloomington ),USA LNS(Catania), ltaly WERC (Shizuoka), Japan
NPTC(Boston),USA CNAO (Pavia), ltaly PATRO (Hyogo),Japan
MDACC(Houston),USA HIMAC ( Chiba),Japan
UFPTI(Jacksonville),USA GHMC (Gunma),Japan
Upenn(Philadelfia),USA STPTCKoriyama),Japan
CDH(Warrenville ),USA Medipolis Medical Researc
HUPTI(Hampton),USA Institute (Ibusuki), Japan
Procure PTC(New Jersey),USA
Fivelire 21Ok emE) L S iThemba LABS, South Africa

~ 80000patients(8000 with Carbomons)
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