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A group of particle physicists mainly from Istituto Nazionale di Fisica
Nucleare and "Sapienza” University of Rome that apply HEP techniques
to particle therapy R&D

https://arpg-serv.ing2.uniromal.it

Particle therapy activities:

v Fragmentation measurement & PT

v 12C beam range monitor
development

v Neutron tracker development

v MC simulation & TPS development
on GPU

Oncological application:
v Probes for radio-guided surgery




\/Mainly used for loco-
regional treatment

v'Benefits and side-
effects are usually
limited to the area(s)
being treated
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* Part of multi-disciplinary approach to cancer cure

« Useful for 50-60% of all cancer treatment (with or
without surgery)

 Can be given for cure or palliation Therapy window

Absence of normal
tissue complication
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Conventional RadioTherapy IN

Conventional RT uses y rays, both emitted Electron beam

from nuclear decays or from electron S0 i

®

interaction.

Electron are accelerated in a LINAC before
interacting and producing photon beam.

More than 50 years of R&D made photon RT a
very optimized, compact, effective
technology (IMRT, radio surgery, etc)
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Approximatively half of
the tumor are treated
with y RT.

In Italy ~ 200000
patients/year




£ Conventional RT, Archimede and ¢ iNeN
‘ photon physics,.

5 beams
theraphy

The photon beam has an exponential energy
release with the depth inside the patient: not
optimal to treat deep tumors

Concentrating more beams with the aid of
imaging and complex software (TPS), the dose
given on the tumor is maximized with respect
to that given to healthy tissues.

Archimedes did it with solar rays and
o Roman ships ...

e-10MeV e 22 MeV
60Co ky[o]

Radiotherapy by
photon beam and
. %0Co source

100 150
profondita (mm)




On the other hand, the release of
energy by charged particles has
very different, and attractive,
features... why not to use them?

BTW: quite and old idea: 1946!!
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Perfect to
release energy
(dose) in a fumor
buried inside the
patient, like a
depth bomb..

Mostly proton,
few 12C beams.

Future 4He 100 ?
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Differently from vy rays,
protons or carbon ions
release a lot of energy
at the end of their
path.

Particle accelerators
can give the right
energy to proton or
carbon beam to stop
exactly on the tumor
and destroy it as a
depth bomb.

Please note the better
peak to plateau ration
of carbon, but with
that nasty tail after the
peak...



Particle therapy... painting the @

A charged beam can be easily ~dist f5‘°“' \
deflected ( just like al old TV set)
by means of electric or magnetic f i
fields, and changing also the beam | b
energy (and so the depth) you can horizontal "= "1
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Painting the tumor...

Maximum energy release

Tumor region

Pencil beam










Painting the tumor... INFN




PT patient statistics INFIN
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Patient statistics > 200000 at 2017 Yet a minimal
Treatment centers at 2019: 92 in operation, fraction of

42 under construction, 19 planning stage photon RT
Patients treated with Protons and C-lons worldwide
B 175000 Community now
Data frozen at 2017 /| looking at 4He : 160

beams: begin to be
tested at clinical

— center

o | 22000
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(Partcle Therapy
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Hype Cycle for Innovation & PT

Peak of inflated
Expectations
(general interest)

Visibility

Trough of
Disillusionment
(system criticism)

Technology trigger

adapted from Becker & Townsend

Plateau of
Productivity [
(general 7, 1
acceptance) ?&

Slope of
Optimization
(hard & long)

PT is now in the
optimization
s‘rage lent

ace for R D

achme cost,
beam range
monitoring, RBE,
G CIlC

Maturity
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Nuclear fragmentation INFN
and Health (not only PT)

Nuclear fragmentation plays a role in several aspect of R&D in
Particle Therapy but also in radio protection in long term
space mission

/ Radio \
Beam
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( Nuclear §7
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(Patient)
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and Health (not only PT)

Nuclear fragmentation plays a role in several aspect of R&D in
Particle Therapy but also in radio protection in long term
space mission

Nuclear fragmentation IN
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P on patient (0,C) @200 Mey (CIN°N

N .l A PSS

The elastic interaction and the forward Z=1,2 fragment Percent of Mass
production are quite well known. Uncertainties on
large angle Z=1,2 fragments. Missing data on heavier
fragments production.

Highly ionizing heavier fragment not included in dose
evaluation in treatment planning: possible problem in
healthy tissue where p beam ~ 200 MeV ?

Analytic model results on p->0 @200 MeV

Very low energy-short Fragment E (MeV) LET (keV/pm) Range (pm)
range fragments, o ¥ o2
almost isotropic. o 20 137 16
MCs confirm this 13C 3.0 951 5.4
picture but..... 2¢ 3.8 912 6.2
Nuclear model & MC :g iy o v
not reliable at the *Be 6.4 400 15.7
needed level °Li 6.8 215 26.7
Needed Z>2 fragment ‘He 6.0 77 48.5
yields and emission He 47 89 38.8
energy I 2.5 o4 68.9
Cancers 2015,7 Tommasino & Durante iz




INFN

Target fragmentation & PT

Target fragmentation in  proton therapy: gives
contribution also outside the tumor region!

o : =
® .Cel.l k]l.led by SRS About 10% of biological
2 1onization R 1/40 $EAY :
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| R=1/8 - | RIS L S ],

[T e T A a7 S 2 Largest contributions of

recoil fragments expected
from
He, C,Be, O, N

~1 250 MeV proton
beam in water

See also dedicated MC

|
studies:

[ - Entrance channel: = 2% cell killing, = 0.25% cells undergoing nuclear inelastic interactions
L - Bragg Peak: = 40% cell killing, = 1% cells undergoing nuclear inelastic interactions - Paga netti 2002 PM B
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Direct measurements mission (IN"N

| B | A =~ B B B S NP & B = B B B N B B A B P BB B B B

A PR . B . & ey

REMARK: For radiobiology effectiveness of p beam the
measurement of the fragment spectra is compulsory !!

» The fragments travel few um in the target-> difficult to
directly detect them, even for very thin target (10 um?)

» The energy loss of the fragment in the target would be
substantial and would be a severe systematic to be
evaluated

» Such a very thin target produces very few events -> very
careful control of the background.

» Possible solution from JET target techniques, where the
target is a focused flux of gas crossing the beam in
vacuum: difficult and expensive



Inverse kinematic strategy INFN

Let’s shoot a =0.6 patient (C,O,N nuclei) on a proton at rest and measure
how it fragments!! Then if we apply an inverse velocity transformation,
we got the result.

DIRECT KINEMATIC INVERSE KINEMATIC
proton “ {«’ Proton (H)
200 MeV - o at rest
e mmm) = O ) O
@ a® A the T)T)C(j) S‘chorentz
C,0 at rest C,0 200 MeV/A

p+C,0 - fragments C,0 +p > fragments

The target can be thick as few mm, since now the fragments will have
~ 200 MeV/nucl with range larger than several cm.

But what about H target?



Inverse kinematics and the INFN

target
Ganil experimental data
The target can be thick as few Ganil: C @ 95MeV/u su C e C.H,
. . ';; i i argets
mm, since the fragment range is |2k o

38 F i;g
larger than several cm. T

Fragmentation on H can be :
extracted by subtraction of twin | J p
C and C,H, targets. : J(

7
e
4
-#ﬁ ?
- !
Dud tetal, Phys Rev.C (2013)

10-2 .............. l .....................
5 10 15 20 25 30 35 40 45

6 (degrees)

(C2H,y) — 2 )

Simultaneous double target data
Ganbl, taking can to minimize
—> systematic, if the setup has

— ——, good vertexing capability along
_—— beam line

dEkin dElel

do (H) = 1( do
4 dEkm




Nuclear fragmentation IN

——-—

and Health (not only PT)

Nuclear fragmentation plays a role in several aspect of R&D in
Particle Therapy but also in radio protection in long term
space mission
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X-rays beam

Beam of 200 MeV protons

———————M

Beam\of 4800 MeV carbon ions

d=2 nm
I R

&

4-4---4----4-4--{;,

Carbon ions are DENSELY IONIZING
higher biological effectiveness)

{
.(I)ﬂ- Courtesy U.Amaldi



12C Rabio Biology Effectiveness for Dummies INFN

Carbon ( and
4 o L - i Oxygen) beams

Low LET raation produces isotropic damage to org'd-;:r;;t‘s‘.;‘ - can !Je Ye y
‘ SR effective in the

treatment of
radio resistent
SpuasE < IT TR YN e (Lt tumors due to
—— N e their high RBE

High LET radiation produces correlated damage to organized targets.

1 Dose Unit 1 Dose Unit

%I _______ | Linear Energy /‘

Transfer (LET) and
RBE

Low LET radiation deposits High LET radiation deposits
energy in a uniform pattern energy in a non-uniform pattern



12C (160) Beam Fragmentation (NN

Dose release in healthy tissues [ YASTRpEEHpr. fragments with

with possible long term side higher range vs primary ions
effects, in particular in tfreatment

« Production of fragment with
different direction vs
primary ions

of young patients =»must be
carefully taken into account in the

Treatment Planning System

12C (400 MeV/u) on water

v Mitigation and

: Bragg-Peak = §
attenuation of the Bt Aub R S
primary beam R T .-—__§\
’ . i O] SRS WIS TS T S—— | N
v Different biological E LB —— T — VI
effectiveness of the = F...i — — e i
fragments wrt the 2 '”" """ s s
beam f S —— — | """"" o B ——
0 50 100 150 200 250 300 _ 350 400
Depth [mm]
Exp. Data (points) from Haettner et al, Rad. Prot. Dos. 2006 Courtesy of Andrea Mairani

Simulation: A. Mairani PhD Thesis, 2007, Nuovo Cimento C, 31, 2008



What we still miss to know about /ZInen
light ions fragmentation in 2019? |

We need to know, for any beam of interest and on thin target:
»Production yields of all Z<Z, ., fragments, if possible of all A<A. ..,
> d’c/dQdE wrt angle and energy, with large angular acceptance

» For any beam energy of interest (100-300 AMeV)

» Thin target measurement of all materials crossed by beam

X,E,.0,.0, Not possible a
Dl / complete DB of
— measurements
—p  ——  ——
—p — —p ;
— — We need to train a
Abeam. E A'beam + E \ nuclear interaction
p A Z VE 6 model with the
Apeam = 2C,100 *He Sy 9| measurements!!




Nuclear fragmentation IN

——-—

and Health (not only PT)

Nuclear fragmentation plays a role in several aspect of R&D in
Particle Therapy but also in radio protection in long term
space mission
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Beam monitoring in PT INFN

Beam monitor in PT is crucial with respect to photon RT. It is
like firing with machine-gun or using a precision rifle..
Inhomogeneities, implants, CT artifact, HU conversion, inter
session physiological changes-> can cause range variations

Effect of density changes in the target volume

f.i. a little mismatch
in density by CT
=>sensible change in
dose releage

1.0+ 1.0
%08 <€ % 0.8 s n
£ E =
8 Q o0s Q o6 (@)
oy e e
— Qo4 Q o4 =
(a
0.2+ 0.2
0 r ‘; T T 0 T T T T T T
0 2 4 B 8 10 0 2 4 6 8 10

Penetration depth / cm Penetration depth / cm



12C beam beam monitor ; exploiting INEN

™~ e N e Yalai BB EREASNTE R F Y 4

charged f.rggmgnt::: >
> proton

e 8

Charged secondaries have several nice features as
» The detection efficiency is almost one

» Can be easily back-tracked to the emission
point-> can be correlated to the beam profile

1 Space distribution of
50 . point of closest
25| PMMA phantom.- | 1075 | approach of the
T | Cheam ik 3 | charged secondaries to
E O —>y 05 5 | the beam direction
X
_o5! =
0.25
-50+ .
MC not too reliable,

150 <100 80 0 o 10 inparticular at
— large emission angle
K Gwosch et al Phys. Med. Biol. 58 3755 wrt beam direction



Nuclear fragmentation IN

——-—

and Health (not only PT)

Nuclear fragmentation plays a role in several aspect of R&D in
Particle Therapy but also in radio protection in long term
space mission
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INFN
From treatment room to space —

Long term mission ()Mars) : the astronauths will be
exposed to Galactic Cosmi Ray for year(s) with daily
equivalent dose of ~ 1 mSv/day

Threat also from Solar Particle Events: rare (~10
years) but with lethal dose: order of Sv from low
energy protons

I

L NASA pub .-

10 tﬁ ,)’KH "
2 T 1998

10z | % o

I L

spectrum: 87% protons, 12%
4 He ions and 1% heavier 1ons
1 (mainly O,C,N) with peaks at
0,7- 1 GeV/n

1 1B

105

109

Dittorential Flux (m? s » MeY)"
(9]
A

107
10*®

102

: ) ; : . 1 2
L - . . . ' flux: 4 particles/(cm*s) at
Kinetic Energy ( MeVmnucleon) Solar min. 32



Death from the star?

INFN

*Long term mission in space expose the astronauths to a huge

dose release: shielding is compulsory

*He, C, O, Fe components of the Galactic Cosmic Rays fragment
on the shields and contribute to the integrated dose: material of

shielding matters

Durante & Cucinotta,
Nature Rev. Cancer (2008)

95% Confidence > ‘
Interval Lunar Colony
. R 4 A lot of cooking:
4 , .
Chest X-ray Diagnostic CT ISS Mission PhyS]CS ) B] Ology’
Physiology
0.001 0.01 0.1 1 10 100

I % Risk of Cancer Death

To choose the
shielding
material He,
C,O
fragmentation
X section on
shields are
needed at 0.7-
1 GeV/nucl



erials ? (INFN

 Liquid H, Best Potential range for

. Liquid CH4 X new and multi-
functional shielding

materials: CH,

- Polyethylene (CH,) adsorption on carbon
forms; polymer

composites; hydrides

- H,0O O and hydride/carbon ol
hydride/polymer
composites

- Al—Inadequate shielding

Trial and error
approach based on

measurements: no
- Pb Worst reliable data
* available

The best shield material is the same of needed to estimate
the fragmentation effect in particle therapy.

FOOT can provide “He, 2C, 0 = C, C,H, @ 700MeV/u




The FragmentatiOn Of Target ¢ InrFN
(FOOT) experiment

The FOOT collaboration wants to tackle the issues of PT
and RPS related to light nuclei fragmentation in the energy
region 200 MeV/u - 1 GeV/u

Nagoya University (Japan), GSI (Germany)

Aachen University (Germany), IPHC Strasbourg
(France), CNAOQ (ltaly)

10 Italian University/INFN sections
most of the funding from INFN (2017-2022)
80 researchers, 60% permanent, 40 FTE

Main issue is the 90, 12C beams availability. In Europe are
not easy to find in laboratory (GSI, ??) but can be available
in treatment center (HIT, CNAO,...) -> the detector must

have limited size and be movable
https://web.infn.it/f00t/index.php/en/



Focus of FOOT physics program (NN

o B "= B2 B B |

Method of cross section difference is crucial to obtain X PMMA is a
section on pure elements: combinaie

« Using C, C,H, =» cross sections on C and H of C,O,H.
 Using C, C,H,, PMMA =>» cross sections on C, O and H

Phys Beam Target (E/Inee\;‘/QX) Inv/direct
Target Frag. PT 12C C, CH, 200 inv
Target Frag. PT 160 C, CH, 200 inv
Beam Frag. PT 12C C, C,H,, PMMA 350 dir
Beam Frag. PT 160 C, C,H,;, PMMA 400 dir
Beam Frag. PT “He c, CH,, PMMA 250 dir
Rad. Prot.space “He C, C,H,, PMMA 700 dir
Rad. Prot.space 12C C, C,H,, PMMA 700 dir
Rad. Prot.space 160 Cc, C,H,, PMMA 700 dir

These are specific measurements related with PT & RPS. But we are open to
physics program enlargement.. 36



Radiobiology requests & detector (INN
constraints for Target Fragmentation

To implement Normal Tissue Complication Probability models
requirements are very strict. Lorentz boost in the patient

frame asks for good energy and angular accuracy in the lab
frame

» Heavy fragment (Z>2) production cross section with
uncertainty of 5%

» Relative accuracy on fragment energy of the order of few %

» Good charge and isotopic identification capability of
fragments

» Accuracy on light ions production also at large angle

» Angular resolution on the beam-fragment emission angle at

mr level TOO MUCH ?!?!

37



Do not trust MC too much'

i flon type

Fragments from '2C

beam (Ex.=400 AMeY) %10.3 - 400MeV/nu0112Con _____________________ :éoz))

The Z>2 fragments have ~ same 0° ............. - | Ly ______ |
velocity of the beam and are 4 IR T O B .
emitted in the forward direction

107 =t i il : : g : : ; ; .
The pI'OtOIlS are the most abundant 100 200 300 400 500 600 700 800 900 1000
fragments with a wide angular and Kinetic energy (MeV/nucl)
B spectrum

Do not trust MC too much!

i [lontype
: i |—2Z=0 (Other)

P S o SRR NN WS NN S L z=1m

The Z<3 fragment are all emitted 2
within 10" of angular aperture % 4()() MeV/nucl 12C on B s

i [—z=4(Be)

v" emulsion setup for Z<3,
 large angle fragments | -
v’ electronic setup== fixed 10°

target detector for Z>2,
forward peaked fragments

Emission angle (Deg)




Light fragments:emulsion setup

10cm
q . Section 1 Section 2 Section 3
By Osaka UnlverS]ty vertexing Charge Identification momentum
. . A
~

NI

beam | o
’ Beam Monitor |

l
\

T ~ 7 —
\ B\ \, ‘c;‘:;\

Start counter & | H 111 s

- = B — :ﬁﬁ High speed
300 pm 1mm Imm
Emulsion layer CorC,H, Emulsion layer Pb layer automated
scanning
v Both target and detector integrated in a . optimised for light
very compact setup (Z<3) fragments

v Accurate reconstruction of the interactions  * less than 1m: can be

inside the target (sub-micrometric easily movable to fit
the space limitations

resolution) _ from experimental
Fragment charge detection eff > 99% and treatment rooms

v Automated scanning system : very fast and  « angle setup: £75°
with wide angular acceptances

BN

39



% Charge Separation G. De Lelis, JINST 2 (2007) POS00S

g . H (w Mev) Entnes » D (80 MeV) Entries .52
Z xdE/dx « grain density « track - g | B s
VOlume é "J[L ;(:‘l )7:9“: E P” 1t I mat 65 24 z'
o ! e | ™| e
Charge identification efficiency ~ SN AR | B L - o
E 5 [
99% ‘5‘:? J“ '"L 100: '
" f 1 :
s [ || -
E 4 \ }‘I H]
£ e
%—{ 0 15 20 p }2:5‘ Av‘: k. | ‘L?LJ“ S ‘“ ‘)1:5;‘ 30

Test performed
at LNS o) 4He and “ light isotope separation (preliminary study)
)

12 * Particle range and multiple coulomb scattering
C beamS measurements could provide a isotope identification



c setup

Size ~2m-4m

BGO Calo

Target
performances

« Ap/p <3.5%

e Aror <70ps

o AEkin/Ekin <2%
« A(dE)/dE ~3%

Halbach magnets Si Micro Strip

Start counter Target

L N

Beam Monitor

VertexX |hnertracker

AE & TOF

Sub-detector Main characteristics =1 27 p——
Start counter | plastic scintillator 250 ym 8 ' - optimised for Z=3 = He

trm © angle setup: £10° |04
Bear!'l drift chamber (12 layers of wires) - "z'-'.
monitor S o8 1 - Be
Target C+C2Ha (2 mm) @ :'- P FOOT -B
Vertex 4 layers silicon pixel (20x20 pm) % 0.6_“;_ . _:. acceptance -C
Magnet 2 permanent dipoles (~ 1 T) - 5 4f‘.'... "_. ‘N
Inner tracker |2 |ayers silicon pixel (20x20 pm) 1A
Outer tracker |3 layers silicon strip (125 um pitch) 0.2& r .':;:
Scintillator |2 layers of 20 bars (2x40x0.3 pm) R
Calorimeter 360 BGO crystals (2x2x14 pm) O 5 10 15 20 25 30 35 40

Theta [Deg]



<

Accurate TOF Accurate beam
start position and

Minimize beam direction

fragmentation / measurements

» 250 pum plastic scintillator read > Drift chamber with 6+6 XY planes
out by 48 SiPM (12/51de) > Gas: Ar/Co, (80/20%)

» Readout by WFD at 5 Gsample/s. > Hit resolution on 2C beam @ 400

» Time resolution: 65 ps for 2C MeV/nucl : <150 um

beam @ 200 MeV/nucl "



Vertex & Inner Tracker

-

VTX: 4 layers of
Silicon MAPS pixel
(20 x 20 pm?)

ITR: 2 layers of
Silicon MAPS pixel
(20 x 20 pm?)

50 um thickness

2 permanent dipole
magnets in Hallbach

geometry
B field in y direction
(max 1.1T)

)
2 Qi :
. \\:\/“L..,_J:L\f:ﬁ.{/}
/ £ 5
;,&J’. \/;

[ | | A

2 permanent

i o s e i

S

Magnet
/

lecro Strip Detector

/

MSD:
3 layers of Silicon
MicroStrips detectors
(120 pm x 9 cm)
150 um thickness

43



The core of the tracking system is the MIMOSA 29
pixel silicon detector (VTX and Inner Tracker)

* MAPS (AMS 0.35 pm, 15 pm epi-layer )

« 928 (rows) x 960 (columns) pixels

e 20.7 pm pitch

e Size 20.22 mm x 22.71 mm x 50 pm (thickness)
« chip readout time 185.6 ps

 Digital Zero Suppressed Output

Limit from MS at low

By IPHC In2p3 Strasbourg

;§16j """""""""""""""" Fage— energy and from cpgint
s1E " " at high energy
The trade off betwen the MS 12 S |
and the tracking system 10}~ —
resolution provides a 4 - 2.5% g
momentum accuracy at 200- 6
700 MeV/u almost flat for Z>3 s .
ions 45 meewsewewn 1
0 5 10 15 20 25



gmentatiOnwOF Target) A

The magnet can
move rigidly up to
allow calibration of
trackers with
straight tracks

Inner
tracker

vertex

Mechanical structure
derived from the ELI

beam line mechanics
|




Downstream region INFN

& roor

BGO Calorimeter

Plastic Scintillator
AE/TOF
measurement

X

400 BGO crystals
Less = 74

PBGO =7+ glcm3
Weight = 1.027 kg
Total weight 330 Kg

2

40 x 2 x 0,3 cm3 plastic scintillator Readout:

bars i
SiPM 8x8 mm?
2 XY layers of 20 bars cell 20 pm

Readout: 4 x 3mm?2 SiPM/bar Voltage
35 ps resolution @ 12C at 200 breakdown 53 V
MeV/nucl (CNAO)




Tested 2 EJ-200 Scintillator bars 20
X 3 x 400 mm?3

Each bar side readout by 2
parallel of 2 SiPM powered in
series (Hamamatsu SiPM 25

um cell size) Time resolution 30-40 ps for 2C
Each bar side readout by 4 80—
SiPMs powered in series (Avant ___ |« z;"t;’goﬂ;‘zo(”:egg Sy, S0 @)
. . 0 , ) ) ) * Cross Correlation | |
SiD 40 um cell size) s o Matched Filter
o 1401
5 o)
3 120 Z /
4 . Carbon Ekin (MeV/u)
2100} " 115, 190, 260, 330, 400 -
|_
Q 80r
3
S 60f
3 ©0 o 4
20

10 20 30 40 50 60 70 80
Released Energy (MeV)

o



BGO crystal test @ HIT& CNAO

» The data confirmed that resolution in the range of 1-2% can
be obtained for carbon fragment at 200-400 MeV/u

» The energy resolution seems to scale as sqrt(E,;,) as expected
» The neutron contribution is sizeable (higher for lighter

fragments)

Carbon 400 MeV/u @ CNAO
- PRELIMINARY

~  Neutron leakage

N\

Peak Width in MeV (sigma)

—
o

Peak Widths

PRELIMINARY -

He, Cand O beal:n @ HIT g

B Width H
B Width He
Il Width C

10°

Arrival Energy in MeV
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BGO calo VS neutron leakage (iN-N

The neutron leakage in BGO seems to be important for Neutron int.
energy higher than 200 MeV/nucl and for light fragments  length in BGO at

The fit constrained can tag such events, but they must Zr(‘)is energy ~ 30-
be minimized to keep the systematic under control. cm
FLUKA 2017: 14 cm length crystal (NB final FOOT crystal are 24 cm)
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tail =22 % tail = 17 % tail = 15 % ot tail = 14 %
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Events

Estimated performances: charge Z reconstruction INFN

Fragment charge are derived | FLUKA simulation :160 (200 MeV/u)> C,H, |
frc?m_energy release in DE/TOF E 7 dr Nami? PN e\
scintillator and from the "o Aty \Gmeme) 7 M razm)
fragment velocity ™~ "
—THARGE ] AE TOF
:gjé ‘ CHARGE
10° energy deposited in SCN —2=4 by g F reconstructed Z :g%
Y - —5t
z:sfﬂs%gc‘% C —Z=6
—i i wE i
I]'l 10 ”U lH”
fo - .
) ) LM 10 ;— 1 j %
A *"‘[“'Hfl‘ﬂ m by : ”W f
S i i i Hik |]|II |
P“Mu! ﬁ |hl = M otk
iy 1 |||| 0 2 e s e e

120 140 160 180 200 220
MeV

1H 4He L 9Be 118 12¢ 14N 160
1 2 3 4 5 6 7 8
Z Resolution :| 1,01:0.09 2.01:0.06 3.03:0.08 4.05:0.09 5.06+0.10 6.09:0.12 7.11:0.14 8.15:0.15

Estimated wrong charge assignment < 1%
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Isotopic mass identification  (INFK

The redundancy in the A measurement allows to use a constrained fit
to obtain both fragment mass and the emission 4-momentum.

TOF (B) & TRACKER (p)  TOF (B) & CALO (Ekin) TRACKER (p) & CALO (Ekin)
2

Al = L A2 e Ekin A3 — p Ekm
U By U(y-1) 2UE, .

L (P i P meas )2 (TOF TOF meas) ( fit meas )2
= = C,=AUBy-p=0
7, T o e
. . C,=AU(y-1)-E, =0
Y AC,(P.TOF,E)+ Y C;(P,TOF ,E) C,=2AUE, - p*-E. =0

The PID performance evaluation on a 200 MeV/u 2C fragment make use

of quite conservative accuracy (with respect to test beam results)

Kinetic energy: og/E ~ 2%, Tof: oo ~ 100 ps, Momentum: c,/p ~ 3.5 %
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12C mass ID; °0 on C,H, @200 MeV/uneN

The tails in the A, and A; distribution are due to neutron leakage in
BGO calo: wrong reconstructed events can be filtered using fit y?2

2 _ o2
A, = _ Ekin A = p Ekin
1 U B Az = — 3 =——"
Y U(}/ — 1) 2Ek W)
K L odf 9.473./17 @ x*odf 459.3735 w 1 118.2/35
Prab 0.9243 § i 12 Prab a E 2 12 Proo 5.845¢11
1 +1B. 0’k Ar 1186+ 19.1 C Amp 473873
:‘: 1!?51;;: ' 3 C m:n 11872 0.01 “eor C mean 1243 +0.01
sigma 05307 2 0.0044 sigima 0.4503  0.0047 i sigma —1.157 + 0.011
- 100
Tof-Track 107 Tof-Cal ; Track-Cal
I 101
12.14 = 10 11.97 = 3
: "
0.53 0.45 [
L 124 =
1= 1.2
ETIETE PR I PO I PO Y P F
8 10 12 14 18 18 20 22 24 4 6 8 10 12 14 16 18 20 22 24
A1 A
ALM Fit )
T el AN L
g"f:_ IZC Amrp 13091 210 §103_:__ 12C Amp :Siﬁxéz;
E mes 12011 0.01 E mean 2,012
. sgma 0.4137 2 0.0043 sigra  0.4057 1 0.0040
107 fit ALM 10°E fit ALM ¢ <5
12.01 =
10-_ 0.41 10 12.01 £
0.41
1 -_ 1=
3 Fll

Pt P PP | P e L
4681012141618202A
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Future: beams, data taking & (IN°N
schedule

Where can we lay
the FOOT?

We need facilities providing “He, 12C, 10 ions
in the 200-700 MeV/u energy range. Possible
(affordable-> no BNL, Japan) choices are

GSI : all beams

HIT : all beams only up to 400 MeV/u

CNAO : only '2C, p beams up to 400 MeV/u
(since late 2019)

» First data taking at GSI in April 2019 with 160
beam 200-700 MeV/u mainly dedicated to
emulsion setup. Beam time from ESA call

> The electronic setup will be completed mid
2020. Engineering data taking April 2019 at GSI

> Electronic setup data taking campaign will start
late 2020. It is already funded till 2022




INFN

Summary & conclusions

» Nuclear fragmentation plays a role in target
fragmentation in proton therapy, beam fragmentation and
possibly beam monitoring in carbon (oxygen) therapy

» The radio protection in space (a show-stopper for human
exploration of solar system) needs the same knowledge on
fragmentation of light ion at intermediate energy of PT

» The FOOT experiment is a medium size particle physics
experiment and can address these PT and RPS related
issues measuring the relevant fragmentation cross section

» Foot has an open and evolving physics
program and collaboration. Proposal to
move the focus on neutron and * emitters
production in future
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Modest scintillation light
saturation at low Z

TOF stop

A grid of 400x20x2.5 mm? scintillator
plastic slabs (XY) can give a very
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FOOT Setup for higher energy

° = CHARGE
5 B —Z=0
Fluka Simulation: 160 (700 MeV/u) on C2H4 5’»«% Angular distributioZ3-:
- —Z-1
@ AEEPPI —Z=5
A — 2=
ELECTRONIC SETUP 5 1 | o
Pre-Target TE H i' ﬁ‘ um,
e ‘°_‘;_ ‘ ‘ ” 1 iﬂ Hl MHH\ ‘
Z>2 fragments inside 4°
Identification
Tracking system Region
vertexing Charge Id Mom Id

O Same acceptance as @ 200

MeV/u —— e
o high resolution on B o Oy O SN
0 crucial forZ & A -
determination
EMULSION CHAMBER ol B Bl b - |
Different geometry and Emulsion layer C or C,H, Pb layer

number of layers



Relative biological effectiveness (RBE) and
oxygen enhancement ratio (OER) of various radiation types

! T ray |
Higher ratio is better. T Protons
RBE Helium .".
) Negative M
g T mesons . -
,1 , ‘ . :Carbon, , , —
m | Fast ) =T
u _ - _ - - neutrons - —V
, | Neon [ OER
} Silicon . | Lower ratio is better.
Joo..............._...._. |Argon
3.0 20 1.0 0 0 1.0 20 3.0

Optimal RBE profile

Hypoxic RBE

vs penetration depth
position.

Range from Peak (cm)



Which is the right beam for ther@

Beam lateral deflection

T I T T T T I T T T T | T T T T I T T T T

As far as money is the 8
main concern.. protons
win easily!

Th. Haberer, GSI Report 94-09,

If we come to
effectiveness, the
landscape can
change.

lIIlllIllllIlIlllIl

Mean lat. deflection / mm
N
| I | ] | l | I T 71 I T

0 50 100 150 200
Depth in water / mm

protons

carbon-ions
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Data - MC comparison: '%C ions

Differential/double- differential quantities (vs angle
and/or energy) = large discrepancies found!

-

NN, [1/sr]

' Hydrogen at 25.8cm ] +§:ﬁx d:ta

GEANT4 BIC LI
"""" GEANT4 QMD

0 2 4 6 8 1
Angle ﬂdegfoe]
8 Lithium at 25.8cm | | ~®- Exp. data
- —— FLUKA
Z 10} — - GEANT4 BIC LI
7 b33 Ole, 0 L GEANT4 QMD

Engle [dggree]

L | Helumat258cm | | ~® Exp. data
A —— FLUKA
Z q — - GEANT4 BIC LI
F L. Y [ GEANT4 QMD
—-
10';;
1
1 A PR U T S L . ] ) | L
¢ 2 4 6 6 10
—10?
2 t \ Boron at 25.8cm -8~ Exp. data
- — FLUKA
z GEANT4 BIC LI
> dhd S P = GEANT4 QMD |

.......

2 A
107, 1 2

NB: the accuracy
on delivered dose
MUST be of the

order of few %

Some MC benchmarks:
Sommerer et al. 2006, PMB
Garzelli et al. 2006, JoP
Pshenichnov et al. 2005, 2009
Mairani et al. 2010, PMB
Bohlen et al. 2010, PMB
Hansen et al. 2012, PMB
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Recent thin target, Double Diff Crgg@
Sectlon C-C measurements

— ¥ ¥y B ¥V _S9SE "B Y. ‘Y " o B B N O™ E B n

o Depth dose for mono-energetic C-beams The Co.mmumTY k .
o o exploring the interesting

with different initial energy  (Courtesy of GSI) r'egion for ’rher'apeu’ric

‘ application, in particular

for the 12C beam.

Yet there is a lot of

energy range to explore

in the range 150-350

AMeV (i.e. 5-22 cm of

range...) and need of

data also on O, H

— targets (C,O,H ~ 98% of

0 2 6 8 10 12 14 16 18 20

300 7

100 MeV/in

250 1

1145 MeVin .|

200 +

180 MeV/n

2
220 MeV/n

Energy deposition / lon [MeV/mm]

~ 250 MeVin
280 MeV/n
305 MeV/n
- __, m'

Depth [cm] humen bOdY)
For 4He, 10O beams the
GANIL 50- 95AMev need of data is the same
C beam - E600
collaboration
(2011) Experiment yet to be made !




cattering @200

AP

INFN

MeV

Also FLUKA MC suggest a low-energy, short range production of
heavy frag: 200 MeV p on “BRAIN” : production of He & C

8.01

Plot #8

dN/d

log(E[GeV])
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% GCR contribution from different particles "N

100

Free Space — Fluence
~w- Dose

-
- (=]

% Contribution

0.01 ¢

0 15 20
Charge Number

Dose (physical) D
D= AE/Am [Gy]=[J]/[kg]
Equivanet Dose = QD [Sv]

The Q constant takes care of
the fact that not all particles
give the same contribution

(remind RBE?)
Dose eq. on Farih: 10 uSv/d

Dose eq. on Mars: 100-200 uSv/d




Target fragmentation & proton RBE @

Currently the contribution of target fragments and of the increasing RBE
near the PB is implicit (ICRU reccommendation RBE=1.1)

LGTB!Y hClS been pO m’red out The differences in DVHs and dose distributions are also
possuble |mpac’r Of var'lable pro’ron translated into different NTCP values, shown in Table III. As

RBE on clinical NTCP values an example, the probability of necrosis in the brain stem is
] estimated in casel to 0.84% for the IMRT plan and 0.57% for
RBE=1.1 Variable RBE the proton plan when assuming a RBE equal to 1.1. However,

when assuming a variable RBE the probability increases to
2.13%. Equivalently, the probability for blindness increases
from 1.13% (RBE = 1.1) to 4.21% (variable RBE) for protons
compared to 1.21% for photons for the optic nerve. The same
tendency of estimating a lower NTCP for protons compared
to photons when having RBE equal to 1.1, but obtaining a
higher NTCP compared to photons when assuming a RBE
distribution 1s also observed for the chiasm and for the other
brain cases (see Table III).

i Wedenberg 2014 Med Phys i




— : INnovative Solutions
The In Ide JEOI[SM 1o |n-beam DosimEtry
> 1n september 2018 a Dose in Hadrontherapy

profiler (fragment tracker) has
been installed in Room 1 at
CNAO. A clinical test with ~10
patients will start in 2019

» The DP will be operated
together two PET heads

developed by Pisa and Torino
INFN sections

> The first aim of the test is to
monitor the physiology change in
the patient between the series
(~30) of irradiation sessions

> Crucial the knowledge of the o »

fragment production features ¥ V. Ferrero et al. (2018) Sci. Rep. 8
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FOOT & FOOTNOTE

FOOT spin off : 2017 PRIN application:
FOOTNOTE (Forward NeutrOn producTion Experiment)

Relevant issues for future long duration space missions: need
for shielding from Galactic Cosmic Ray induced dose. A
significant role is played by neutron production in nuclear
fragmentation interactions on the shielding material

The FOOTNOTE project aims to measure neutron production
in the range of interest for radioprotection in space.

Double setup: an electronic apparatus for the measurements
in the forward kinematic region and a setup, dedicated to
large angle emission, based on the “Emulsion Cloud
Chambers” technique

70



Momentum measurement

Vertexing Charge identification and isotope identification

AN e —

FOOTNOTE

e -
ol || .- j, ..... I

* ..........

6 Units: Universita di ROMA "La
Sapienza”, Universita di PISA,
Universita di BOLOGNA,
Universita di TRENTO, Universita
di Napoli Federico I, Istituto
Nazionele di Fisica Nucleare

Budget requested :
1.199.938,67

Beam monitor

\

Start Counter
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vertex detector
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Fig9: Schematic view of the ECC detector

Micro Strip Detector

Lead/scintillating

fiber calorimeter Up to 35% of
efficiency on
neutrons

Fig.7 : Schematic view of the FOOTNOTE electronic setup 71



Nuclear Interactions and MC

B A E o B ey

IN

The nuclear model embedded in MC try to reproduce the phenomenology

of the nuclear interaction is generally very complex. Here we report the

FLUKA scheme of the nuclear interaction

Target nucleus description (density, Fermi motion, etc)

J

Glauber-Gribov cascade with formation zone

!

Generalized IntraNuclear cascade

4

Preequilibrium stage
with current exciton configuration and excitation energy
(all non-nucleons emitted/decayed + all nucleons below 30-100 MeV)

4

Evaporation/Fragmentation/Fission model

y de-excitation

Courtesy of A. Ferrari

1 (s)
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10-22

10-20




Quasi-target fragments Quasi-projectile decay
-> —>

>
: .. .. time
» Fragments from quasi-projectile have Vtrag™Vbeam @Nd Narrow emission

angle. Longer range then beam

» The target fragments have wider angular distribution and much lower
energy.

» Proton and neutron fragments have both angular and energy wide
distribution

» The dose beyond the distal part comes from the quasi projectile
contribution. Wide angular halo from the rest of the process



