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radiotherapy proton therapy

[1

Particle therapy vs radiotherapy:

v Finite range
v Localized dose profile
v Spare of healthy tissues

[1] https://www.washingtonpost.com/graphics/2018/health/proton-beam-therapy/ 2
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radiotherapy proton therapy

Particle therapy vs radiotherapy:

v Finite range
v Localized dose profile
v Spare of healthy tissues

Nuclear Fragmentation

[1] https://www.washingtonpost.com/graphics/2018/health/proton-beam-therapy/ 2



Nuclear Fragmentation

Projectile
fragments
Projectile

o~
e — Q_’,_
Q o %
. . e S

Target L
i Target fa

fragments

Giacomo Ubaldi

Target fragments:

¥ Short range
High energy impact in
entrance channel
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Longer range than beam
¥ Dose beyond the Bragg peak
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Nuclear Fragmentation
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Space radioprotection

Particles captured by Earth magnetosphere
* 90% p (< 100 MeV)

* 1% e (<10 MeV)

* 8% HZE

MAGNETIC FIELD,

[1

Giacomo Ubaldi

Originated by astrophysical environments
inside and outside the galaxy

T . 90%p
* 9% He
* 1% HZE

0.001-10** GeV/n
(peak at 0.1-1 GeV/n)

Local outbursts on the Sun surface

92% p
6% He
2% HZE
<1 GeVIn

[1] https://2021.igem.org/Team:Sorbonne_U_Paris/Description
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Space radioprotection

Particles captured by Earth magnetosphere
* 90% p (< 100 MeV)
* 1% e (<10 MeV)

. Nuclear Fragmentation
8% HzE effects on: J

* Space craft hull and structure
* Shielding
* Astronaut’s body

MAGNETIC FIELD,

Originated by astrophysical environments
inside and outside the galaxy

T . 90%p
* 9% He
* 1% HZE

0.001-10** GeV/n
(peak at 0.1-1 GeV/n)

Local outbursts on the Sun surface
* 92%p

6% He

2% HZE

<1 GeVIn

[1
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Space radioprotection

Particles captured by Earth magnetosphere
* 90% p (< 100 MeV)
* 1% e (<10 MeV)

. Nuclear Fragmentation
8% HzE effects on: J

* Space craft hull and structure
* Shielding
* Astronaut’s body

MAGNETIC FIELD,

Originated by astrophysical environments
inside and outside the galaxy

T . 90%p
* 9% He .
* 1% HZE uclear cross sectj
io
0.001-10** GeV/n Measurements neede?j
(peak at 0.1-1 GeVIn) t‘;ﬁzse’f_s ,radiation risks
Shielding models
do | do |
. Local outbursts on the Sun surface [ deElﬂ
DA | S50 dEd0 Exd( |
. 2% HZE OKdQ
* <1GeVin -
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The FOOT collaboration

https://web.infn.it/foot/
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The FOOT experiment

Goal: 9
Double differential nuclear fragmentation cross section d—a with resolution better than 5%
measurements dQY dE;y,

* Fixed target collisions

* Beam energies between 200 MeV/n and 800 MeV/n for particle therapy and space radioprotection topics
* Table top setup to be moved according to beam facility availability

» Direct / inverse kinematics cross section measurements

Section I Section IT Section 111

a2 B

e

— —

e
Emulsion film
350 ym

Pb layer
1000/2000 pm

W layer
500/900 um

Lexan layer
1000 pm

CzH4 layer | |Emulsion film

2000 pm

25m

y T\_’.

electronic setup emulsion setup
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The electronic setup

FEEEEEEEEEEEEEEE lllllllZ
yA
* Designed for heavy fragments (3 = Z < 10) _ }
* Angular acceptance of ~ 10° 5y BN 9 B \ /
 Particle Identification thanks to the several specialized detectors S BY ,
* Real time acquisition = \ m 5
* Final setup completed in 2023! e l
I &t
= * .' %

gAY

Giacomo Ubaldi 7



The electronic setup

Beam monitor

Start Counter

N\
‘...4

Upstream region
monitoring the beam before impinging on target

Start Counter

start of ToF (o: ~ 40 ps)

250 pm — 1 mm thick plastic scintillator
5x5 cm? active area

48 SiPMs, 8 channels readout

Beam monitor

beam momentum and direction (o, < 0.5 °)
Drift chamber

Ar/CO; (80%/20%)

12 layers with 3 cells each

Giacomo Ubaldi



The electronic setup

Vertex Inner Microstrip Silicon
Tracker Tracker Detector

z

Permanent
Magnets

Vertex & Inner Tracker
MIMOSA-28 Si Pixel detector

20 ym pitch, 50 pm depth
4 planes for Vertex
2 planes for Inner Tracker

Microstrip Detector g
Si Strip detector |

9 x 9 cm2 active area | 4

150 pum readout pitch

3 pairs of X-Y layers

Magnets

Hallbach configuration
B field in y axis (max 0.9 and 1.1 T)
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The electronic setup

Giacomo Ubaldi

Calorimeter

ToF Wall

Z
charge reconstruction
ToF Wall
stop of ToF (o: ~ 40 ps)
energy loss (Ocioss/Eioss ~ 5%)
plastic scintillator bars PR R S S
44x2x0.3 cm? dimension —1- j‘“; ] ‘L"\ rr
2 layers of 20 bars | o EeECen e -
SiPM readout R S e e R
| a2 TR T -
2l S T e ;
Calorimeter |QEEEEESNE G = e
kinetic energy (Cein~2%) ) L' o -
BGO scintillator e P e e = P T
320 crystals
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The emulsion setup

Section |

Section 11

Section 111

LB

— e

C2Ha4 layer

2000 pm

Emulsion film

Lexan layer
1000 pm

UM i (N N

W layer Pb layer

500/900 pm

1000/2000 um

Emulsion film
350 ym
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Designed for light fragments (Z< 3)

Spatial resolution up to 10 pm

Angular acceptance up to 70°

Section:

1. Emulsion + target

2. Emulsion film

3. Emulsion + passive layers

No real time acquisition

Beam and fragments reconstruction after
emulsion development




Electronic setup: results

Angular differential and elemental fragmentation cross sections of a
400 MeV /nucleon '°0O beam on a graphite target with the FOOT experiment

(1

* Paper of R. Ridolfi et al under review by the Journal!

* Data-taking at GSI (Darmstadt, Germany) in 2021

* 160 400 MeV/u on 5 mm CIC;H, target

* Partial setup: no magnet, only one module of calorimeter

Specific goal:

* Elemental (charge differential) fragmentation cross section
» Angular differential cross section in charge

Giacomo Ubaldi [1] https://doi.org/10.48550/arXiv.2501.00553 12



Electronic setup: results

charge identification Unfolding procedure (from MC)
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Electronic setup: results

elemental cross section

Y(2)
———dFEgdQ) =
/ / dEKdQ & Nprim . NTG . E(Z)

with polar angle 6 <5.7°

e Data

Stat. uncertaint
Element ot Aspar £ Agys [mb] Astat/o Agys /o I d

He 687 £ 13+ 30 1.9% 1.3% - | sys. uncertainty
Li 50+3+2 5.4% 3.2% 500
Be 36+3+1 7.6% 3.2% -
B 63+4+3 5.7% 4% -
C 13546+ 5 4.5% 3.7% 400
N 117+ 6+4 5.4% 3% C
300
* systematic uncertainty lower than statistic one 200;_
 total relative error from 5% to 10% 100: ———
C R TR,
- B
0‘ | | | | | [1]
He Li Be B C N

Giacomo Ubaldi [1] https://doi.org/10.48550/arXiv.2501.00553 14



Electronic setup: results

angular differential cross section

-0

do
m(z)

'g He differential cross section| E Li differential cross section E - Be differential cross section|
2 e Data o ® Data a ¢ Data
% 10° ::+—+ 1 :tat. uncertainty % 10 + ] stat. uncertainty % 10 j— T Stat. uncertainty
. = F .- [ sys. uncertainty E _+_ [ sys. uncertainty ° r _+__ [ ] sys. uncertainty
« first measurements for [ - ; i :
the FOOT experiment! | .
* number of bins chosen considering He = L ' Be
the available statistics o e i ik
* total relative error affected by i et g ° *
statistic, from 3% to 20% L | I | S N T N
(except for Li) O R e or] oL
L.g' [ B differential cross section E 5 C differential cross section E :_’_. N differential cross section [1]
% + ® Data E 10 _:*_' ¢ Data E 1021 ® Data
% ] stat. uncertainty E — I stat. uncertainty % F ] stat. uncertainty
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10} i
B C N
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1 ; * o +
Fo i vilninelany P Te cswiasaeivosioloswilen pqlives | Lol | [
0 1 2 3 4 5 0 1 2 3 or 0 1 2 3 5 or]

= 4
o[l
Giacomo Ubaldi [1] https://doi.org/10.48550/arXiv.2501.00553 15




Emulsion setup: preliminary results

Charge identification of fragments
produced in **O beam interactions
at 200MeV/n and 400MeV/non C

and C,H,4 targets & frontiers

* Paper of G. Galati et al published!

* Data-taking at GSI (Darmstadt, Germany) in 2019 and 2020
* 160 200, 400 MeV/u on 5 mm CIC;H, target

* SC + BM for primary beam monitoring before emulsions

IP.PTZ Camera /
/.

Specific goal: _ S

* Elemental (charge differential) fragmentation cross section
« Angular differential cross section in charge

Giacomo Ubaldi [1] https://doi.org/10.3389/fphy.2023.1327202 16



Emulsion setup: preliminary results

Cosmic ray cut-based rejection

20,

x10°

18

<VRO0>

16|
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[ 400 MeVin ™0 on C H, target |

™

Mean

Mean

Entries 45892

X 0.4977
y 6025

PCA approach for Z>1

14000

<VR3>

12000

10000
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Entries 14901
Mean x 10856
Mean y 10858
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14000
<VR2>

cosmic
rays

(1

Entries

charge identification

1200 200 MeV/n O on C target
H Z=1 (Mean: 0.35, RMS = 0.24)
1000 He Z=2 (Mean: 0.17, RMS = 0.15)
Li | —— z=3(Mean:0.12,RMs = 0.09)
800 Be ————— Z=4 (Mean: 0.09, RMS = 0.1)
600
400
200
0 7Ij_‘_‘ﬂ_
0 0.2 0.4 0.6 0.8 1
tan(B)
_§ 1000 400 MeV/n 0 on C target
E H 2=1, (Mean: 0.35, RMS = 0.26)
He Z=2, (Mean: 0.14, RMS = 0.19)
900 Li 2=3, (Mean: 0.1, RMS = 0.15)
Be Z=4, (Mean: 0.05, RMS = 0.07)
600 B 2=5, (Mean: 0.03, RMS = 0.02)
400
200
LN
0 0.2 0.4 0.6 0.8

1
tan(0)

Entries

T
1000 200 MeV/n 0 on C,H, target
H =1 (Mean: 0.31, RMS = 0.22)
He 222 (Mean: 0.14, RMS = 0.13)
800 .
Li 2=3 (Mean: 0.12, RMS = 0.09)
Be
Z=4 (Mean: 0.09, RMS = 0.07)
600
400
200| +
0 oSt
0 0.2 0.4 0.6 0.8 1
tan(®)
1400 400 MeV/n 0 on C,H, target
3 H Z=1, (Mean: 0.31, RMS = 0.23)
% He 722, (Mean: 0.1, RMS = 0.11)
Li 223, (Mean: 0.1, RMS = 0.15)
1000
Be |- Z=4, (Mean: 0.07, RMS = 0.07)

0

2Z=5, (Mean: 0.04, RMS = 0.02)

0

0.2

0.4

0.6 0.8 1
tan(8)

 total relative error affected by systematic, around 5%

[1] https://doi.org/10.3389/fphy.2023.1327202

[1
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Emulsion setup: preliminary results
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Entries

charge identification

1200 200 MeV/n O on C target
H Z=1 (Mean: 0.35, RMS = 0.24)
1000 He Z=2 (Mean: 0.17, RMS = 0.15)
Li | —— z=3(Mean:0.12,RMs = 0.09)
800 Be ————— Z=4 (Mean: 0.09, RMS = 0.1)
600
400
200
0 0.2 0.4 0.6 0.8 1
tan(B)
.§ 1000 400 MeV/n °0 on C target
E H 2=1, (Mean: 0.35, RMS = 0.26)
He Z=2, (Mean: 0.14, RMS = 0.19)
900 Li 2=3, (Mean: 0.1, RMS = 0.15)
Be Z=4, (Mean: 0.05, RMS = 0.07)
600 B 2=5, (Mean: 0.03, RMS = 0.02)
400
200
LN

0

0.2 0.4

0.6 0.8 3l
tan(0)

Entries

200 MeV/n 'O on C,H, target

1000
H 2=1 (Mean: 0.31, RMS = 0.22)
He Z=2 (Mean: 0.14, RMS = 0.13)
800 .
Li 2=3 (Mean: 0.12, RMS = 0.09)
Be
———— Z=4(Mean: 0.09, RMS = 0.07)
600
400
200| - jH
1
0 I
0 0.2 0.4 0.6 0.8 1
tan(®)
1400 400 MeV/n 0 on C,H, target
H 2=1, (Mean: 0.31, RMS = 0.23)
s He 222, (Mean: 0.1, RMS = 0.11)
Li 223, (Mean: 0.1, RMS = 0.15)
1000
Be Z=4, (Mean: 0.07, RMS = 0.07)
25, (Mean: 0.04, RMS = 0.02)
800
600
400
0
0 0.2 0.4 0.6 0.8

1
tan(8)

total relative error affected by systematic, around 5%

[1] https://doi.org/10.3389/fphy.2023.1327202

[1
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Conclusions

* Nuclear fragmentation cross section measurements with
the FOOT experiment
* Fundamental interest in several fields, among which particle therapy
and space radioprotection
* Both setups are promising for charge reconstruction and cross section measurements

* Cross section results from both setups!

« Ongoing data taking campaigns (CNAO2025, GSI2026, CNA0O2026..)
and analysis (HIT 2022, CNAO 2023, CNAO 2024...)

* Electronic setup completed from 2023: ongoing analysis toward isotopic
Ccross sections

Giacomo Ubaldi



Conclusions

Thanks for the attention!

Valle del Bove - Etna
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The FOOT physics program

. . Energy Inverse or
Physics aim Beam Target (MeV/u) direct
Target Frag. PT 12C C, CH, 200 inv
Several facilities avaliable:
Target Frag. PT 160 C,CH, 200 inv
Beam Frag. PT 12C C, C,H,, PMMA 350 dir CNAO (Pavia, Italy)
Beam Frag. PT 160 C, C,H,, PMMA 400 dir GSI (Darmstadt, Germany)
Beam Frag. PT ‘He C, C,H,, PMMA 250 dir .
£ HIT (Heidelberg, Germany)
Rad. .
Prot.space ‘He C, C,H,, PMMA 700 dir
Rad. . ,
Prot.space e €, CH,, PMMA s dir
Rad. .
Prot.space 160 C, C,H,, PMMA 700 dir




Physics data taking done up to now

Beam | Target | Energy Statistics Integral Integral campaig

MeV/u (millions) Differential Differential 1]
elemental isotopic

o Cc 200 0.06 angle NO YES NO Yes GSI 2019
C2H4 400 Yes GSI 2020
(o) C 200 14.2 angle NO YES NO Yes GSI 2021
C2H4 200 12.2
C 400 5.5
C2H4 400 6.5
He Cc 100 18.5 angle NO YES NO No HEID
140 19.6 2022
200 13.5
220 14.4
C C 200 4.1 angle NO YES NO CNAO
2022
C C 200 3.2 Angle YES YES YES Yes CNAO
C2H4 200 2.0 Energy 2023
C C 200 Mostly Angle YES YES NO NIT tests CNAO
tests 2024
VTX, IT,

Calo, NIT



Next Physics data taking

Beam Target Energy Integral Integral Campaign
MeV/u Differential Differential
elemental isotopic
C C, C2H4 100-200 Angle YES YES CNAO 2025
Energy (NIT?)
o C 500-700 Angle YES YES GSI 2026
(?)
Energy
C C, C2H4 200-300 Angle YES - CNAO 2026
Energy
P C 100-220 Angle YES NIT CNAO 2026
Energy
C C, C2H4 320-400 Angle YES YES CNAO 2027
PMMA Energy
He C, C2H4 200- Angle YES YES CNAO 2027
400(?)

PMMA Energy



Setup overview

15 T T T r

x [em]
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VTX+Target
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msD (A /. sc
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Beam

=18 L] 18 20 38

Start :
Counter Beam S (S =
e ungsten laye ngsien layer
Emulsion film
: 7 3soum |

b
- Emulsion
Spectrometer

beam

[11a

p = mcPy
Ekin = ?’?’1(?2("}’ - 1)

Ekin =N p2(:2 et — mCQ

e o(p)/p at level of 4 — 5%;
o o(T,y) at level of 100 ps;

[ ]
3

(
(
(Exin)/ Exin at level of 1 — 2%;
e 0(AE)/AFE at level of 5%;



* From Bethe — Bloch formula | can get z:

= 4N, r2m.c

I

\.

Fragments identification

52

/

* Infos taken from SC

and TW

dE_vs_Tof_ilayer1

TW charge reconstruction algo

4
TITITT11g

Charge discrimination



Isotope identification

* Mass reconstruction using all FOOT subdetectors:

i
A, i

- Uc?(y — 1)

* In our data no tracker and calorimeter . mass measurement only in MC data!

* Augmented Lagrangian
B B . 1 B ook
L@ =@ =) daca@ + 323 () AX2=11.66+0.38 .t
TOF — T\ 2 _P\2 /B — K\2 risoluz. 3.2 % aoof:
R RO R I < - A |
OTOF Op OB, E J




Inverse kinematic approach

S - laboratory frame S’ - projectile frame

C  Hep )
! H
P e _ Lorentz| ¢ He
H 7 Boost "

ct' = y(ct — Bz) E'/c=~(E/c— Bp,)

e Py =Da

=y P =p,
2 =aylz—fet) v, =y(p. — BE/c)



Which target?

Problem: hydrogen target

)(gas is not allowed in all experimental rooms

X gas is too sparse (low interaction probability)

Polyethylene target (C2H.), and Carbon target

do =
a0 (bsr)

10E

10?2

-—h
o
TTTTT T

Targets
e CH2
e C
* H do
== arXiv:1306.0378 E(H)

s &

H“%

L .15‘

T 40 45
0 (dearees)

20 25 30 35

|

{

do
dQ2

1
(C2Hy) —2- 22(C)



Angular distribution of fragments

Angular and kinetic energy distributions of different fragments
200 MeV/nucleon 0 beam on a C,H, target

% 1 06 ; T T T T T T T T | T T T | T T T | T T T |§ "I__' 1 06 ;I T T T T | T T | T T | T 1T | T 1T ‘ T T \;
> bk FLUKA MC E -:e 1 § - FLUKA MC [* -ge 1
L 16 +LI +Be | [ 16 «Li ~Be 7
- 10 ?.. 0 (200 MeV/n) — C2H4 B &C 3 g 105 = 0 (200 MeV/n) — CZH,' vB «C =
LY, Be, sN 40 7 = & sN .0
104 j.goﬁ l_.'e.... | = B ]
g =ﬁ -l.. ke ’fu.,”“ ; Lux 10* ;-l. 3
L a 4 l.. ...“.I-.u.... 1 Q = u ]
10° . "ua B = L[ & ]
i L *L . .1....'.....“.. = o 1 03 é.;. ¢ 4
102 a 7 . *. T ..“'.'...'“_' = A% i A v ol :*A',. .-. &
E i s ** i . . ; ; s &;\ : ***« ':' .‘ [ ] :: l'. B
C .v *'* = i ] 102 E_* = Lk ***t A " g " -
10_ "Y *t“ A Mm“‘ﬁuwwhn - = oA n g v : ,** LN 3
E .. Yy Mﬂmh( o * e [F X At *** ‘:Y' » * A ‘l.- 7
i b Tty o 105+ Fl 4 e g -
1E *é.i' Y STy Yy ﬂ'ﬂv Y, = EY Haf oy W &L *‘+ E
= *I ' o7t 7 W .+ ++ . ,1’ : I YY'“; L : "'vol' a + + T ¢ Jl*;
10—1 T 1 T Tk A o W | L ik +|. | .I Wl eee .t [ |"“1»19~é| Ll m]
0 10 20 30 40 50 b 50 100 1 50 200 250 300 350 400
0 [°] E,. [MeVin]

FIGURE 1 | MC calculation [33, 34] of the angular (Left) and kinetic energy (Right) distributions of different fragments produced by a 200 MeV/nucleon "®0 beam
impinging on a CzH, target.

Measuring the Impact of Nuclear Interaction in Particle Therapy and in Radio Protection in Space: the FOOT Experiment.
Battistoni G, Toppi M, Patera V and The FOOT Collaboration (2021). Front. Phys. 8:568242. doi: 10.3389/iphy.2020.568242 21




Projectile and target fragments

Fragments with low energy

and short range (few cell  Emulsion setup

Proton H o diametres) * Electronic setup
(200 MeV) M. bty (inverse kinematic)

nuclei

(at rest) Very difficult to detect!

— 0 — Fragments with higher / - Electronic setup
energy and longer range! « Emulsion setup (Z<4)

Proton
Human body (atrest)
nuclei

(200 MeV/u)



Cross section measurements In literature

2

-
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p + C

—

* Very few points

R
T

* Function of proton energy
* No information on fragment

cross section [mb]
—
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kinematics!
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FLUKA MC models for FOOT

Interactions of leptons/photons

Photcn Electron/| posnron Muon
tﬂté{GCthhS |nterect:ons mteroctlons

Compton Brems strohlung | Bremsstrahlung

| |
Roﬁeigh ]
Pair pr oIduction ]
l

l

|

|
|
[ 1
|
|
|

[ Scattermg on electrons

1
Nuclear interactions |

|
| Pair productron I
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Electromagnetic interactions models in FLUKA

Handron-nucleus interactions:

PreEquilibrium Approach to NUclear Thermalization
(PEANUT) model for particles with P<3-5 GeV/c based on
Generalized Intra-Nuclear Cascade (GINC) model

Pre-equilibrium emission of light nuclei (A<5)

Evaporation, Fission, Fragmentation and y de-excitation

Nucleus-nucleus interactions

Boltzmann-Master Equation model (E<100 MeV/u):
Thermalization of composite nuclei by means of two-body
interactions and secondary particles emissions

Relative Quantum Molecular Dynamics (0.1 -5 GeV/u):
Collision simulated minimizing the Hamiltonian equation
of motion considering the Gaussian wave functions of all
the nucleons in the nucleus overlapping region



Hadrontherapy vs conventional radiotherapy




Space particle fluxes and dose
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World Gt ‘Hadrontherapy:FaciIities in the world, 1 |
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Radiotherapy & Hadrontherapy:Facilities in the world, 2

Radiation therapy centers
(Updated on : 9/11/2019 2:35:25 PM)
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Hadrontherapy, proton

Courtesy of R. Spighi

IHadrontherapy vs radiotherapy, 1 |

protoni

Pro and contra
2 Hadrontherapy: the released dose is better focused;
0 Hadrontherapy: less dose before and after tumor region
a Costs:
0 accelerator for Hadrontherapy ~250 millions euros
2 Treatment ~ 5-10 than radiotherapy
2 Machine for radioterapy: tens thousands euros.



HADRONTHERAPY Hadrontherapy vs radiotherapy, 2 |
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Courtesy of R. Spighi |Do you want some number? Here it is]

Local control rate = to keep the tumor under control

Indication Results Results carbon Results carbon
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pa ncreas Pancreatic av. survival 7.8 months
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soft tissue Soft-tissue 5 year survival 31-75%
carcinoma
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