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The CERN Accelerator School and

MedAustron are organizing a course on

Accelerators for
Medical Applications

26 May - 5 June, 2015

Eventhotel Pyramide, Vosendorf, Austria

This course will mainky be of rerast fo siaff n cocelerator
loboratories, universty depariments, parficls theopy
cerfros and comparios manufochuring therapy syshams
and associated aocelerator egquipmeant.

Following rfroduchory lbchures on  rodicbiclogicd
and oncologiod swes, the bosic requirements on
ocosleion and beam delvery wil be reviewad. The
mediod applications of Inear ocoskeratons, oyclofrons

Contact: CERN Accelarator Scheol
CH-1211 Gerenva 23 Fax: +41 22747 84 40
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and synchioctrors wil fhen be reated in some dekai,
folowed by leclures on the production and use of
radioeotopes and a look af some of the aoceleralion
fachriques for the fubure.

A ful doy vist o he ModAukon centre in Wiener
Nouwstodt wil provide a prociical insight info the ficld.
Parficipants wil oo have fhe opporfunily fo work on
redehc case shudies as on integral part of the program.

MedAustron



Research

Q Interfacing between fundamental science and key
elopments

Large-scale
@‘ beams computing (Grid)



What Everyone Knows
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The physics properties of light ions (Bragg)
may make them much more efficient in
treating some kinds of tumours

Energy deposition



Comparison of Collateral Damage

9 X ray beams 4 proton beams

Courtesy of PSI - Villigen




History and Reminders



Initiative: Accelerator
reminder PIMMS

“In 1996, CERN initiated the Proton lon Medical Machine Study
(PIMMS), which aimed at designing a synchrotron optimized
for the treatment of moving organs with carbon ions (and
protons). Together with CERN part-time staff, the study
participants were the TERA Foundation (Italy), the MedAustron
project (Austria) and Oncology 2000 (Czech Republic). The
design was summarized in two reports issued in 2000. The
project was adapted by TERA and used as a basis for the CNAO
centre, which has just been completed in Pavia by the CNAO
Foundation and INFN. The MedAustron facility utilises the
same synchrotron design, and is currently being built in
Wiener Neustadt (Austria).”
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CNAO (Pavia) is treating patients




CNAO in Pavia
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CNAO in Pavia
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MedAustron is building a centre in Wiener Neustadt
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&Nl MedAustron Status — Wiener Neustadt
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PIMMSl de5|gn has been a blg service to the communlty
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« 2 source branches installed Synchrotron hall installation

« Beam commissioning
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What has happened since 2000 on the technology side?

LHC accelerator technology development
* Operation of 8T magnets
e Testing of 11T magnets for Luminosity upgrade M RI
* Development of 18-20T magnets for energy upgrade

 LHC Detectors developments
* Crystal scintillators improvements Medical Imaging and Diagnostics
* Medipix proliferation and enhancements
* Developments of new vertex detectors for LHC luminosity upgrade
* Development of TOF resolution for Luminosity Upgrade

* Accelerating structure frequency reduced from 30GHz to 12GHz
* Development of room temperature structures for 100MV/m gradient

* Proposals for structures of 3 and 5.7 GHz with 30 and 50 MV/m for

medical applications Compact Accelerators Protons and Light lons

e LHC Grid
« Demonstration of the efficiency and reliability Large scale data storage,
* Rapid adoption to new domains; Medicine transfer and analysis

* Developments of medical simulations with FLUKA/GEANT

Treatment planning, medical research



Animation of Hadron Cancer Therapy

European NoVel Imaging Systems
for ION therapy
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What should anlideal facility do?

dTreat the tumour and only the tumour
=> monitor and control, the ideal dose to the tumour
=> Minimal collateral radiation “outside” the tumour
=> Minimal radiation to nearby critical organs

= Even if the tumour is moving
[ Be affordable

v’ Capital cost ?
v'Operating costs ?
v'Increased number of treated patients per year ?

(J Compact: Fit into a Teaching Hospital ?



Court&sy U Amaidi/A Degiovanni

Dimensional comparison for carbon ion accelerators

H,* carbon ions
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l l
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carbonions
430 MeViu
HIT ~ iRCMS (BNL)
synchrotron synchrotron
Heidelberg
carbon ions
400 MeViu
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Cost Questions (user Specs)

* Compactness
* Specification of “maximum” dimensions...MA

* Balance of importance of compactness vs cost..MA

* Cost Effectiveness .. The Over-riding Parameter

* What is a reasonable cost parameter (e.g. relative cost per patient
compared with conventional therapy? Survival parameter?)..MA

* Reduction of capital cost... Acc + MA

* Number of treatment rooms + number and specs of gantries

* Reduction of running and operational costs (experts...)..Acc + MA

* Number of treatment rooms + gantries

* number of patients treated per year...MA +Acc
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Technical/Medical Questions (user Specs)

L Beam Specs

* Type of Light lon (protons to Carbon or multiple ion capability)...M

* Central beam energy and energy range (?multiple energies for different
functions)....M

* Beam size (h+v) (emittance).....M
* Energy spread of beam....M

 Beam Distribution (gantry)
* Required angular coverage.....M
* Allowed rate of change of beam energy...Acc + M
* Degree of allowed movement of patient.....M

O Diagnostics and Imaging

* Dose: requirements and precision deposition....M
* Beam control devices.....Acc

* Requirements for imaging (update rate, precision, resolution)... M
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J

Technical/Medical Questions (user Specs)

Comparison of specs for spot scanning (fast with low dose per
shot or large dose per shot)...\V

Optimum spot scanning parameters, rate, dose, etc..M

Control of dose per deposition....M

Acc

Synchrotron (normal or rapid cycling)

Linac The agreed specs will influence decision on
Cyclotron  type of accelerators and design of gantries

Or a combination of the above (SC, Cyclo-Linac, etc )



Dealing with Organ Movement

 Time gating: apply dose when the organ is in
the correct position. E.g. respiration cycle

* Fast rescanning: very rapid multiple painting.
Statistically distribute the dose

All methods need high scanning speeds



The New CERN Initi- .o <

: 0
1. Medical Accelerator Design A\
— coordinate an international collabor?’ \)\' 1ew compact, cost-
effective accelerator facility, using \Q .ed technologies
2. Biomedical Facility @Qo (’}'
— creation of a facility at CF~ O\ particle beams of different types

viology and detector development

and energies to exterr Q Q(
.t simulation results

— Iterative experimer \fb
3. Detectors fr ,b(& \OQtroI and medical imaging
4. Diagnos* . X2 Q 6 .metry (pot) for control of radiation
5. Radi’ ’04@ ’bc;& .maging and possibly treatment)

6. a()'b fb‘o .omputing and data (simulations, treatmeng

\Q\Q ’b(\ ~ clemedicine etc)
%fo O\ ations other than cancer therapy

L
. \@Q




User Specs for Hadron Therapy

Radio-Oncologists,

Medical Physicists,

Radio-Biologists

User

Detectors
and imaging

Specifications

1. Beam parameters:
Particle type(s),
Measured position,
Energy range
Required dose,
Real time feedback
from detectors

2. Distributing the beam
rep rate,
spot scanning,
gantry

3. Accelerator type,

Accelerator

Physicists

4. Cost-effectiveness and
compactness parameters
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* Many of these questions can only be
answered with

— experimental verifications
— significant simulations
— Development of diagnostics (imaging, dosimetry)

e = We need a dedicated test facility



We have many accelerators at CERN

But, one is a perfect test-bed, LEIR

LEIR (Low Energy lon Ring)
e part of LHC injection chain
e accumulator for LHC ion programme (lea
ions)
* only used for several weeks / year

* Plan to establish facility for
* Test-bed for medical instrumentation
* Diagnostics and dosimetry
* radiobiology

* basic physics studies such as fragmentation
of ion beams
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Biomedical Research Facility at LEIR

37,
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Adriano Garonna

Two experimental beamlines are foreseen

* Horizontal beamline up to maximum energy

* and Vertical beamline up to 2.6 Tm (75 MeV/u C)

* Pencil beam 5-10 mm FWHM and broad beam 5x5 cm? considered

* 4 bending magnets (max 1.6 T, £ 40 mm gap) and 12 quadrupoles (max 23
T/m, max 40 mm radius) in total

transfer from :
/ tO PS : : 1 ! X s : : : o : :

e

1980

o750 |- BB Tramsport.

z CraneRails RN

1970}

X [m]

1965 _____ S _________ _________ i .......................... ''''''''

1960 | : ? ......... ......... ........ ......... ..... « dipole _
: LEIR Shleld— - = quadrupole

055 ing wall i © i e sextupole |
u ........ venene st e e 1 : "\ - ARSI IR I R separation walls

19@}120%51‘.&1&&4#&: _---__i-_--_ - ‘I?” ——— |9("”99mlna.r S i _.__l ...... L S N S R SR |~ )
1960 1965 1970 1975 1980 1985 1990 1995 2000 2005 2010 2015 2020 2025 2030 2035 2040 2045

P S |




Radiobiological Facility @ CERN

Intermediate

Priority
lons Rating /5 Why o . o o oge
— i Collection of requirements for Radiobiology Facility
Correlated particle experiments
(molecular Experiments -Spatial distribution . . . . .
jon) H, 2 Variation in response What radiobiological experiments are of interest?
Helium ,3 5 Possibly clinical
stable and possibly dlinically What are the desired beam properties?
Helium ,* 4 relevant . . .
4 (if ® 10N species & energies
c'Iean),O R?d.iobiologically interesting, not ° beam intenSitieS & duraﬁon
D (if not) clinically useful .
RBE greater than P ® beam size
Fragmentat'.ion tail shorter., less (micro VS. broad beam)
dose deposited past the distal .
Lis, 4 edge * beam homogeneity
Potentially clinical
Fragmentations more than Li,
Bl 2 better than C How could an end-station for radiobiological
€ > (linical experiments be designed
N4 3 Radiobiological Studies . p . . fb I i .
Possibly clinically relevant recision o €am-ce pOSIt‘Ionlng
0,6 4 Radiobiological Studies ° Setup and Toohng
Comparison to present L\ %
Ne ,,2° 3-4 radiobiological studies ;‘;» .
To analyse radiobiological trends \ ’3’ 1 1
e | Joanalyse rad % Also a test bed for diagnostics
& =

Biologically important trace
Ca ,*° 1 element ' £F

Fe 5 ighiological.interpolation e o st .
. Y ISC Seminar 26




OPENMED Facility Summary

 With a new Front End (Source)

— LEIR can provide ions of interest for biomedical studies up
to <430 MeV for fully stripped 2C or 10 ions

— Facility can also be used to test detectors and diagnostics
as well as test the results of medical simulations

— Study well under way:

* (Re-)implemention of slow ejection with longitudinal
and/or transverse excitation

* New extraction channel (septa) and transfer line to
experiment

* Need the Funding for Implementation
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Detectors

Continuous development on particle physics
detectors at CERN

Scintillating crystals
Medipix
Diamond detectors



Radio-Isotopes (1)
Radioisotopes are used in medicine for applications ranging from imaging to
treatment.

The most used tracers are 99mTechnecium, often locally made available in
hospitals from so-called generators created at nuclear reactors, for SPECT
imaging.

The most popular PET tracer 18F, is produced either in hospitals or in
distributed cyclotron centres .

Novel isotopes are emerging, either as imaging or treatment isotopes,
exhibiting a range of chemical and decay properties.

CERN has been hosting the Isolde facility for about 50 years.

Over 1000 radioisotopes of more than 70 chemical elements have become
available for fundamental and applied research.

The technique of isotope mass-separation for medical isotope production will
now be taken one step further with the construction of the CERN-MEDICIS

facility.



Key Points : Radio-Isotopes

e Securing an adequate supply of radioisotopes
is a big challenge, (not only for **Mo/?*™Tc )
but even more for promising "new"
radioisotopes such as alpha emitters for radio-
immunotherapy.

e A European user facility to be created to
supply innovative radioisotopes (produced at
ISOLDE-CERN, ILL, PSI, Arronax,...) for R&D in

life sciences (preclinical and clinical studies).
* Medicis on ISOLDE



EN .

h’i‘i“‘ @ Engineering Department*st,’
Isotope production in the dump isedaz

and mass separation |n the lab

@ o @
1.4 GeV protons \ fragmentatlon

+ + ..
fission . .

1000+ isotopes
Of 70"' target - ion source
chemical element

\

analysing magnet

radioactive ion beams

CMSAG (EARS /ANS CERN
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h’i‘i‘i‘ @ Engineering Department*s,
%49
The scope =

* Scope : Life sciences, Medicine

* Innovative protocols (Surgery/brachytherapy/combination)

e [nnovative isotopes S e

LET: 0.8 keV/um LET: 100 keV/um

Field of Radiation | Chemical elements Half lives
Application
PET Alkaline earth 10’s min.
SPECT v Halogen. Hours
Lanthanide Days
TAT a Transition metals Months
Beta therapy B
Auger therapy e

* Studies on cells, animals (« preclinical »)
possibly extendedt g:lzmcal hases @ ‘ @

3211290517-2014, Steve cminar CMSAG
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The scope %G1

SR, HUGH: # ISRECa
161Tb-DOTA-RM6 in PC3 tumor bearing mice
for SPECT-CT and treatment

STI

o . 161Tb.DOTA-RM6 152Th-DOTA-RM6 ’ I I
. l 0.3 1 3 16 hours
rd

1 hour

|
|
|
poveny J
\
\

- .’i‘i“ﬁ 3 ICTR-PHE-2014
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Planning ...
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PHASE I Commissioning : No beam
PHASE II
Commissioning with beam and light targets to gain

operational experience

PHASE II B Isotope production with light targets
PHASE III Extending to heavy targets up to Tantalum

PHASE IV
Collection of short lived alpha emitters (e.g. 149Tb)

PHASE IVB

Operation with Lasers

PHASE V
Operation with Uranium targets/possible
proton beam upgrade

%6“ V—%?)llﬂl, Steve Myers CERN'20 14

end 2015

2016

mid 2016

end 2016

2017

2018
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The CERN HF-RFQ for Medical Applications
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e First prototype under construction @ CERN

Injector for Protontherapy Linac:
— Compact : 5 MeV in only 2 meters
— High Frequency: 750 MHz
— For injection into 3 GHz structures
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e RFQ Main Parameters
Input/Output Energy X(mm) - X(mrad) ¥(mm) - Y(mrad) P(deg @750 MHz) - W(MeV

1964 m 10_: ............ 10_: ............
67.6 KV 3 ]

1mm . ]

3 0. 0.

15 deg : ]

300 uA 5 53

30% : :

0.027 p.mm.mrad 01 | 10

+2 deg 105 0 05 1

+20 KeV

750 MHz Output phase spaces

(M. Vretenar et al, Linac14, Geneva, 2014)

Highest lost particle energy = 500 KeV.
99.5% of the lost particles @ E < 100 KeV — No activation of the structure.

Overall peak RF power = 399 KW.
4 10T-based amplifiers, one per module.

Cooling for max. 5% duty cycle.
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HF-RFQ Advantages

Compactness and shielding limited to the target

Reduced weight

Highly reduced activation of the accelerating structure

Highly reliable and very simple to use with limited maintenance
Modular: addition of modules to change the energy
Compatible with proton, deuteron and alpha particles

Safe: Immediate cut-off in case of beam loss

No power consumption in beam off mode

No conditioning time
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HF-RFQ Medical Applications

— Protontherapy Injector: 1 RFQ
~2 meters — 5 MeV p* — low current — low duty cycle

— PET Isotope Production: 2 RFQ
~4 meters — 10 MeV p* - 20 yA average current — 4% duty cycle
==> Production of "8F AND short lived isotopes (0O, ""C, N, ...)

— High energy proton source for ®°™Tc Production: 2 RFQ + 1 DTL
~10 meters — 18 MeV p* - 2 mA average current — 10% duty cycle
Low cost — Direct production by ®Mo(p,2n)?°"Tc
Reduce Nuclear Wastes - No need of 23°U
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CMA Initiatives: Where are we?

Obtained some “seed” funding from CERN, as well as
donations from outside

“CERN Medical Applications Workshop” followed the
ICTR-PHE (15-16 February)

Attracted ~80 top experts from all over the globe
Funding, governance,... “institute or..”

International Strategy Committee (Nov 2014)

CERN as a medical data repository (HUG, EPFL, CHUV,
NCI)

Radio-isotopes project well under way
White paper well under way
RFQ development



DRAFT Structure (to be decided)

International

CERN Directorate

\ 4

v

International Advisory Committee

Collaboration
Board

i

Finance R
Committee
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Large Scale Computing
and Data



* Clinical data
e Simulations
 Medical data storage, transfer and analysis



Hadron Therapy

« Bioinformatics has become an increasingly important
domain of life and health sciences, as technological
progress and data handling go hand-in-hand.

* The requirements are well beyond the current state-of-
the-art and the applicability of developments from
basic research, including solutions implemented for
CERN'’s Large Hadron Collider, is being explored.

« Standard information-processing tools need to be
adapted to the complexity of medical data, which are
more heterogeneous than physics data, and hence
present new challenges for data mining. The
confidentiality of patient information is also a major
Issue in medical data sharing.
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Hadron Therapy

« We are investigating the application of grid computing
and analytical software tools in data storage, handling,
sharing and analysis, as well as the use of modern
Monte Carlo (MC) calculation techniques.

 The high-level software systems will be effectively
complemented by a user-friendly MC-based TPS
capable of handling photon and ion therapy in various
configurations, and by the MC modelling of the physical
and biological behaviours of alternative ion species as
well as of protons and carbon ions (followed by
experimental verification).
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Towards full picture of individual’s

E

Environmental

Data

Phenomic data
WEEG e W 2\

. ICT Systems
J 20-11-2014, Steve Myers ISC' Seminar

Courtesy Marco Manca



Thank you for your attention



SPOT SCANNING

ENERGY
< >

20-11-2014, Steve
Myers ISC Seminar

Z
O
=
0
@)
o

90



PET Principle

A positron emitting

radiopharmaceutical
IS injected into the
patient: the
distribution

The emitted positrons
annihilate with
electrons in the tissue
producing back-to-
back photons
detected by
scintillating crystals

After some time
| the patient is
placed in the
Imaging scanner

ISC1Seminan
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PET (Positron Emission Tomography) Imaging

Coincidence
Processing Unit

Sinogram/ Brain Metabolism in Alzheimer’s
Listmode Data Disease: PET Scan

Annihilation Image Reconstruction
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Helium-II Vessel

Superconducting Bus-Bar

Iron Yoke
Non-Magnetic Collars
Vacuum Vessel
4 l § Radiation Screen
4 Therma | Shield
The

15-m long
LHC cryodipole

Bus Bar Tube

Radio frequency coil
Gradient coils

Scanner

Superconducting magnet
technology developments at
CERN can be applied to
improve MRI scanners

Patient table

VWRI Scanner
(Cutaway)

20-11-2014, Steve Myers ISC Seminar



Scintillating crystals in Physics?

Scintillators are used in High Energy Physics to detect electromagnetic particles
and measure their energy.

photocathode
dynodes 1-N

scintillator

photomultiplier tube

Scintillators convert incident energy to light, which is then detected by photo detectors,
e.g. photomultiplier tubes (PMTs)

The intensity of the measured light is proportional to the energy of the
incident particle

The detectors are called Electromagnetic calorimeters

ISC Seminar Auffray



In the CERN Large Hadron Collider (LHC) 2 experiments
use scintillating crystals : Lead tungstate crystals : PbWO,

Alice :18000 crystals

% ﬁke 75000 crystals = 100 tons
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Particle Physics

Medical Physics

/7
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Slightly lower
.energy photons!!
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Similar Challenges in HEP and medical
imaging

CMS Electromagnetic calorimeter Positron Emission Tomograph (PET)

AELEo.

vvvvvv
¥

Scale is the difference
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