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approach to the laser-driven
applications
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Hadrontherapy from the
conventional approach to the frontier
of biological enhancement and
laser-adriven applications
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Conventional

hadrontherapy
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Levin WP, Kooy H, Loeffler, DeLaney TF. Proton beam therapy. Br J Cancer. 2005;93(8):849-854
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Hadrontherapy history

T l M E f Ernest Orlando Lawrence Nobel
Prize 1939

The Weekly Newsmagazine .
i “Palm-size Cyclotron”
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Hadrontherapy history <i
6

September 1938: the first 24 patients were treated at the
Lawrence Berkeley National Laboratory with neutrons

produced by the 37-inch cyclotron through the reaction of 8
MeV deuterons on a beryllium target

Neutron irradiations continued with the 60-inch cyclotron

till 1943 when the cyclotron was expropriated for the atomic
bomb programme.

In 1948 the effects on 226 patients treated with neutrons where evaluated
and was concluded:

“Neutron therapy as administered by us has resulted in such bad late sequels in
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Istituto Nazionale di Fisica Nucleare

In 1946 Robert Rathbun Wilson proposed a possible
potential application of proton and ion beams

Radiological Use of Fast Protons

ROBERT . WILSON
Research Laborstory of Physics, Harvard University
Cambridge, Massachusetts

TXCRPT yOoR  elecirons, the particies per centimeter of path, or specilic loniza
which bave been accelerated to higl tiom, and this varies almost inversely with
energies by machines such as cyclotrons or  the energy of the proton. Thus the specific

Van de Graaff generntors have not been  jonization or dose is many times less where

directly used therapeutically Rather the proton enters the tissue ut high encrgy
the neutrons, gamma rays, or arlificial than it is in the last centimeter of the path
radioactivities produced n various rcac where the jon is brought to rest

tions of the primary particles have been These properties make it possible to
applied to medical problems, This has, in radiate intensely a  strictly  localized
large part, been due to the very short region within the body, with but little

First patients were treated with protons in 1954 and, later, with Helium and Neon
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Hadrontherapy history

1946 lontherapy for deep seeted tumors

xm

1954 Lawrence Berkeley Laboratory, USA starts § §_
protontherapy 5 s

=8

B

1957 Uppsala starts proton treatments

1975 Lawrence Berkeley Laboratory, USA starts using
heavy charged particle

Opening of the Proton Therapy Center in Loma
Linda (USA)

1993 Start of Carbon lon Therapy in Chiba (Japan)

<

1990

yoieasay
[eda1ul|d

1996 Protonentherapy starts in Villingen/Schweiz

Carbon ion Radiotherapy starts at the University
1997 Hospital of Heidelberg, Germany at GSI in

Darmstadt
2009 Heidelberg lon Therapy Center (HIT)

<

[ed1uld

uonesijddy

CNAO, Hyogo, Gunma, MedAustron,...

<
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Hadrontherapy history <

Ch Naberey

Lawrence Berkeley Laboratory J

UNIVERSITY OF ALl

[ Accelerator & Fusion

Research Division

Facilities being built at existing research

Imstrwmentation for Treatment of Cancer |sing Proten

e accelerators
Fixed energy machines with moderate

flexibility (if at all)
Dose delivery not tumor-conform

T— Hospital-based facilities

Variable energy, current, angle, position

History of hadrontherapy

On-line verification of deposited dose
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Loma Linda protontherapy center, CA CN'N

Istituto Nazionale di Fisica Nucleare

Synchrotron Accelerator

Beam Transport System

FNAL design
diameter 6.5 m
Energy Fews
Gantries 3

1990: first hospital-based facilty

Beam delivery Passive
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Hadrontherapy faces a fast growing demand

250000

187500

125000

62500

Particle Therapy Cooperative Group (PTCOG). http://www.ptcog.ch

Under realisation + planned: 67

Facilities

5

S

o Patients
5 5 g 6 °

1954 1960 1970 1980 1990 2000 2005 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018

130

98

65

33
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Clinical advantages of proton beams "

Mirabell RA et al.

Potential reduction of the incidence of
radiation-induced second cancers by using
proton beams in the treatment of paediatric
tumor,

Int. Jour. Rad. Onc. Phys. 2002, 54 (3) 824

Pediatric Medulloblastoma: The yearly risk of getting a
secondary tumor was estimated to be 8 times greater with X-rays
than with proton therapy 2

Tumor Site Proton X-rays/IMRT
Therapy
X_Ray therapy PrOtontherapy Stomach and This chart compares the
esophagus Oo/o 11% rates of secondary tumors
for a pediatric patient
Colon OO/O 70/0 treated for
| | medulloblastoma.
Breast 0% 0% Data shown are from a study
that compared treatment plans.
Lung 1% 7%
Thyroid OO/O 60@
Sy 1% 2%
Leukemia 30/0 50/0
All'S IMRT= intensity modulated radiation
C:ﬁgggary 50/0 430/0 therapy (a type of X-ray therapy)
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Breast cancer case CINFN

g T
Potential impact ooy e 25% 10%
Coronary artery stenosis — 369% 1 2%
Secondary malignancy Myocardia - o
Lung funCtIOn — Harris ERR et al.

Late cardiac mortality and morbidity in early stage breast cancer patients
after breast conservation treatment,
J. Clin. Oncol. 2006 24 (25)4104
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Biological properties

Friedrich, T., Scholz, U., Elsasser, T., Durante, M., & Scholz, M. (2012). Journal of Radiation Research.
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LET) (keV/um)
Low-LET tracks High-LET tracks

in cell nucleus in cell nucleus,
e.g. alpha partnclef \
The biological damage is

e.g. from X-rays
' . . A dose of 1 Gy
strictly related to the radiation A dose of 1 Qy o ) corresponds to —
corresponds to S approx (4 tracks ] 1um
quallty approx.[1000 tracks

GAP Cirrone, PhD INFN-LNS, Catania (I) - pablo.cirrone@Ins.infn.it



Biological and physical aspects

Physics

INFN

Istituto Nazionale di Fisica Nucleare
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INFN

Hadrontherapy In ltaly

{"%’ Azienda Provinciale
‘ w§ per i Servizi Sanitari
‘ﬁ' Provincia Autonoma di Trento

Trento
. T —— S T————
Pavia pres

Q fondozioneC NAL n - 5
'i Centro Nozionale di Adroterapia Oncologica per il fraftamento dei fumor CYC lotron
| protons up to 250 AMeV
st Patient treated:387
Syncrotron W
protons and 12C up to 5B
ol p T )
250 AMeV Catania 1 - > =5
Patient treated: q Cyclotron
12C 1044 protons of 62 MeV
p 565 Patient treated:400
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CATANA eye protontherapy facility

CATANA
Centro di
AdroTerapia

ed Applicazioni
Nucleari Avanzate

First Italian proton therapy facility

First Patient treated on March 2002
(about 400 treated)

Passive proton beam line
62 MeV of energy

30 mm of penetration
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CATANA eye protontherapy facility

Monitor Chambers Detector Phantom

MOPI

Range Shifter
Modulator
Second Scatterer \

First Scatterer

Final collimator

. Dose:15 CGE per fraction

Treatment time: 40-50 sec ; '

Total dose: 60 CGE

Fractions: 4

box containing
modulator wheel
and range shifter
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INFN

Istituto Nazionale di Fisica Nucleare

s
Beam monitors before the
. .
collimators
300 mm 3000 mm
< L%~ - >

| |E|

o
. - " I L i ]
2°Scatierer\ Collimator,  Foage shihr Moddaiclw | OTHEatION Final collimator
Chambers ¢ = 25 mm

1° Smttau B F N [ J—

Isocentre

MC simulation
e B “The collimator has a
beam direction ~ o<
— ° ape dependents by
s e particular tumour
° 0
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Fixation Point

Polar Angle

Azimuthal Angle , A __
Uveal Melanoma 89.89 %

N

iy & .ﬁConjunctivaI Melanoma 4.04 %

]

E |

Conjunctival 1.01%
rhabdomyosarcoma

Eyelid Carcinoma 2.02 %
and metastases

Conjunctival MALT-NHL | 1.01 %

Conjunctival Papilloma 2.02 %
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Patients statistics

Sex Male: 176

Female: 118

Age Range between: 12-88
Median: 59

Diagnosis Uveal melanoma: 252 pts

Conjunctival melanoma: 5 pts

Orbital rhabdomyosarcoma: 3 pts
Orbital non-Hodgkin lymphoma: 4 pts
Conjunctival papilloma: 1 pt
Eyelid/periorbital carcinoma: 18 pts
Other orbital tumors: 11 pt

19 September 2017

Clinical and Research Activities at the
CATANA Facility of INFN-LNS: From the
Conventional Hadrontherapy to the Laser-
Driven Approach

Giuseppe A P.Cirrone*,  Glacomo Cuttone’, Luigi Raffaele’' ',  Vincenzo Salamone'’,
Teresio Avitabile’, Giuseppe Privitera’, 4 Corrado Spatols’, Antonio G. Amico’,
Giuseppina Larosa’, Renata Leanza', Daniele Margarone ', Giuliana Milluzzo'. Valeria
Patyi e, Giada Petringa’, Francesco Romano ', Andrea Russo’, Antonio Russo’,
Maria G. Sabini Y,  Francesco Schillaci,  Valentina Scuderi "and  Lucia M. Valastro'*

First Patient treated on March
2002 (about 400 treated)

Increased

Stable

Reduced

Dead patients 4
Metastatis 3
Other 1
Eye retention rate 92,68 %
TOTAL SURVIVAL 95 %
LOCAL CONTROL 97 %
Tumor thickness

10% 20%  30%

40% 5S0% 60% 70%
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Approaches to enhance

protontherapy efficacy

Can we exceed the great biological capacity of carbon ions
with proton or ‘easier’ ions like helium?
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Use of nanoparticles CINFN

SCIENTIFIC 02 W I

~
A ¢ n Py <
REPLIRTS 2Rtans@)!
AP
@ Biological consequences of nanoscale N— .
energy deposition near irradiated heavy e P a
SUBJECT AREAS: . z ix Y 4
s fom nanoparticles g 3 -
GENERAL PHYSICS ' Jonathan A. Cou . Suneil Join®*, L: ™~ R )
NANOTE;iDCE)tt’)Z? 2:5}#"8:;tm;nG;:p?&Bl;e:u?::?ﬁGl;::cs;-icrs:;",JA|on“: H:uncs.;lll’ff,ﬁbi M. IC;’Sulliw:mJ 3 E 0.1 i ~ - ! -
Kevin M. Prise®, David G. Hirsf® & Fred J. Currell’ % . 200
& |
1w
0.01 e
o 1 2 3 4 5 :
Dose (Gy)
C 5 MeV/u +NP, Hela, 40%
y p+NP, pc, 15% enhancement enhancement p+NP, mouse tumouir,

Polf et al., Appl.Phys.Lett. 98(2011) Kaur 2012 Kim et al. PMB 57(2012)

Preclinical data evidence, no explanation
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Use of ‘fast’ beams
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Use of multiple ions

The beam spots
are correctly
selected by the
optimization in
order to . €/
concentrate high . M " Brainstem
LET particles in the
hypoxic regions

Sokol et al. to be subm PMB (2018)  *100% dose=2 Gy 100% LET = 65 keV/um
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Use of nuclear reactions: Boron Neutron

Capture Therapy (BNCT)
_

Thermal neutrons

’.\ Ry ] s. &
163 keV/um @Alpha psacheg
Thermal neutrons S 9-10 ym @ @

¥ 4-5pum

210 keV/um / Cancer cell

¥ 'Linuclens

Boron Neutron Capture Therapy (BNCT) is a
binary radiotherapy exploiting the
synergistic effects of the stable, 1less
frequent (19.9% natural abundance)
isotope of boron 10B and a low energy
neutron field

cross section (b)

o = 3837 b for 0.025 eV neutrons
O-value=2.79 MeV

0-4
10° 10* 10® 102 10" 1 10 10> 10° 10* 10° 10° 10’
incident neutron energy (eV)
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Use of nuclear reactions: The proton-Boron

capture therapy (PBCT)
—

Bragg-peak | 187 | \
Prompt gamma ray S 16 . N
k| E 14‘; !
—— F e ~ 12 :
: g 107
I _ - n 6 3
~ € a4
u 3 i
& I ' o 27
.. . &) g
\ £ p 4
Alpha (3.76 MeV) § .
T e | /Boron uptake region (tumor) 4 We 3
;3) Alpha‘.(2:46 MeV) 17 1 A 1 \f\
2e 0 £, (Ve
Proton .
\‘35\. -l : .H.Sikora,H.R.Weller, luati f the 11B(p,
')\.,' / ze '?;’ Be / M-H Srleaocrtaicfln Rrawifes ?rJéF?Jig.oﬁvgngig;o?Z(?lG) 3e5:53]3 (p,a)aa
'.'B ;ﬁ)
Alpha (2 46 MeV) .
Reaction channels
The idea: 11
D.-K. Yoon et al, B+p—>12 C* —8 B€+C(0—>(101+C¥02+CZ‘
Application of proton boron fusion 11 12 ;s g
reaction to radiation therapy: A Monte B + p — C™ —-° Be x +a1 2 a1 + aqp +a
Carlo simulation study
Applied Physics Letters 105, (2014) ;
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~uture perspectives with

laser-accelerated charged
particles
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Research and develoEment in the field of accelerators
should be towards a reduction of costs, while main-
nature > nature reviews clinical oncology > review articles > art taining or imprOVIIlE e E erformances Of t'mrrent

nature errm machines. Possible new accelerators for CPT!22 include
NSUTa oncocoer

synchrocyclotrons, rapid cycling synchrotrons, fixed-
Review Article = Published: 21 May 2013

field alternating gradient rings, cyclotron-linac combi-
nations, dielectric wall accelerators, and iaser-griven:_
Charged particle therapy—aptir Biasma a&gﬂs gtors.i’ 2 These options are at very differfant

stages of design maturity, but all offer promising design
challenges and future direction: features to offset the shortcomings of current synchro-
trons, includin anning capabilities, reduced size,
comp. power consumption, increased dose
rate capability, and ultimately a lower cost and a shorter
treatment time."

Jay S. Loeffler & Marco Durante

Nature Reviews Clinical Oncology 10, 411-424 (2013)  Download Citation
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Target Rear (Vacuum)

Hot e
current

Forward
Accelerated lons
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Hole Boring Return

(RPA) current e sheath
aser Pulse | (TNSA)

Laser-driven ion acceleration
from plastic targ

Volume 56, number 3 OPTICS COMMUNICATIONS

COMPRESSION OF AMPLIFIED CHIRPED OPTICAL PULSES *

Donna STRICKLAND and Gerard MOUROU

Laboratory for Laser Energetics, University of Rochester, 250 East River Road, Rochester, NY 146231299,

Received S July 1985

We have demonstrated the amplification and subsequent recompression of optical chirped pulses. A sy
1.06 pm laser pulses with pulse widths of 2 ps and energies at the millijoule level is presented.

Chirped Pulse Amplification (CPA)

Initial short pulse

Short-pulse oscillator
The pulse is now long l

and low power, safe
for amplification

.

A pair of gratings disperses
the spectrum and stretches
the pulse by a factor

of a thousand

Power amplifiers

High energy pulse after amplification

——

- J L

A second pair of gratings
reverses the dispersion of the
first pair, and recompresses the pulse.

Resulting high-energy,
ultrashort pulse
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Forward

Accelerated lons 1 PW/1pum spot size
corresponds to 107 w/cm’

! -

That is the equivalent of the
pressure of 10 million Eiffel
Towers on the tip of your

e sheath finger!!
(TNSA)

Laser-driven ion acceleration
from plastic target

dN/dE [(MeVs
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Using laser-generated ions form medical applications? INFN

Istituto Nazionale di Fisica Nucleare

Quite large accelerators
Sophisticated beam transport (gantry)
High costs

Limited number of hadrontherapy centres
Alternative solutions

“If 200 MeV proton accelerators would be as cheap and small as the 10 MeV
electron linacs used in conventional radiotherapy, at least 90% of the
patients would be treated with proton beams”

U. Amaldi et al., NIM A 2010.

Multi-source machine to deliver different kinds of beams
according to the specific requirements: y, e-, p, n, ions.

Bulanov et al. REVIEWS OF TOPICAL PROBLEMS (2014)
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Czech:Republic
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new type of European large scale laser infrastructure
specifically designed to produce the highest peak power (10
PW) and focused intensity;

==

Ungary Romania tbd

ELI-Beamlines

(Czech Rep.)

—>

[p

rotons/ion X-ray
Electrons
S sources

ELIMAIA: (ion accelerator + user station)
ELIMAIA ELI Multidisciplinary Applications of laser-lon
Acceleration

ELIMED ELIMED: (transport and dosimetry)

ELI MEDical and multidisciplinary applications
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Why ELIMED? gipw

Fast_ions

Electron cloud

A bucketful of particles
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Interaction chamber ===
lon Accelerator

. ”
Pasma mirror chamber

Laser L3 beam, 1 PW, 30d, 10 Hz
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INFN-LNS staff install ELIMED (July 2018)
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Laser-driven ion acceleration
from plastic target

2D particle-in-cell simulation of the interaction of high-intensity laser pulse (parameters are

relevant to L3 laser and thus ELIMAIA beamline) with a micrometer-thick flat plastic target.
Acceleration of both protons (pink color) and carbon ions (green color), to maximum energy 150
MeV/nucleon and 40 MeV/nucleon, respectively, can be clearly distinguished in the visualization as well
as different ion acceleration mechanisms (from the target front side and from its rear side). Such
high-energy protons and ions have a great importance for various foreseen applications in Physics,
Biology, Medicine, Chemistry, Materials Science, Engineering, and Archaeology.

Time: 2 [fs]

carbon energy |MeV/nucleon proton energy |MeV/nucleon
0.01 0.1 1
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Beam axis

* 6 axis system
» Vacuum motors with low backlash gear
(ration 100:1)
« Absolute potentiometers for position
encoding
= (‘/ 2 » High precision radiation resistant switches
» High torques vacuum carriages and rails

i

5 PMQs are requested to inject
the different ion beam (H* and

C*%) with different energy in the
selection system

D. Margarone, G.A.P. Cirrone et al., "ELIMAIA: A Laser-Driven Ion Accelerator
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CONVENTIONAL
SECTION
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Beam transmission

Counts [ dN/dE ]

25 30
Energy [ MeV
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Laser-driven ion acceleration
from plastic target

Time: 2 |fs

carbon energy |MeV/nucleon proton energy |MeV/nucleon
0.01 0.1 1 10 0.1 1 10
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ELIMAIA Monte Carlo Simulation

D. Margarone, G.A.P. Cirrone et al., "ELIMAIA: A Laser-Driven Ion Accelerator for M
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Monte Carlo simulations <
I

& GeEaAnT4

A SIMULATION TOOLKIT

Many others ini specialised field
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Monte Carlo simulations
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TOPICS

© Basic lectures on the GEANT4

© Monte Carlo toolkit

o Practical sessions

O C++ programming basic elements
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First dosimetry and radiobiology irradiation with laser-driven fast beams
Within June 2020, 30 MeV, 20 ns protons

We are discussing the participation of ELI with ELIMED in the next ENSAR
program

A radioisotopes production study is ongoing for new more advantageous
schemes and modalities
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Thanks for listening
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Dosimetric System <
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Istituto Nazionale di Fisica Nucleare
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Laser-beam hadrontherapy: potential advantages NM N
Reduced cost/shielding

(vast reduction in radiation shielding) Conventional hadrontherapy

Beam transport system

*Possibility to reduce size of gantry —
Flexibility/modularity .
*Possibility of controlling output energy and
spectrum

*Possibility of varying accelerated species
*Spectral shaping for direct “painting” of

tumor region (no degrader needed)

Novel therapeutic/diagnostic options

*Mixed fields: ions, X-rays, electrons,

neutrons

*In-situ diagnosis (PET, X-rays)

Radiobiological advantages
GAP Cirrone, PhD INFN-LNS, Catania (I) - pablo.cirrone@Ins.infn.it




Monitoring System: TOF detectors

Istituto Naz di Fisica Nuc

Main goal: ONLINE proton energy spectrum and fluence measurement along the beam line

» high radiation diamond detector

» linear response for very high
intensity (up to 10° ppp)

» good time resolution

» excellent signal-to-noise ratio
(low noise)
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Permanent
magnets:
Quadrupoles
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Screen

F. Schillaci et al., JINST 10 T12001 (2015)
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Energy Selector
System

Collimator 2

30 mm collimator
upstream and
downstream the chicane
(200 mm far from dipoles)

Variable slit aperture size
(4 up to 20 mm)

* Magnet efficiency 98%

» Packing factor 98%

* 115.5x168 coil section (11x16turns,
0,5 mm of insulator, 6 mm water
channel)

* Max current ~200 A/turn

» Total weight ~3 Tons

* 40 kWatt in total
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