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Hadrontherapy

Therapeutic particle beams
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Radiation Protection in Space

Space radiation environment

GCR t

* Light ions (p-O), peak @ 700-1500 MeV/u : _GCR energy spectrim
107k zZ=2

Mission to Mars! z=x0)  Solar  Solar

10" Z-21-28 Min Max

> Long cruise (~180 days each way) } No natural protection from

I
Thin atmosphere radiation!! (GCR + SPE)
> No magnetosphere

Flux (particles/(cmz-MeV/n-year))

Mars mission radiation:
pr > Travel: 1.8 mSv/day
Mars Wisi > On Mars: 0.64 mSv/day
i On Earth: 2.64 mSv/year 101'0:_, . 160 ol sl sl sl
= Kinetic energy (MeV/n)
ol o @
v Radasars Detailed knowledge of fragmentation
T , ~ 280 processes to optimize spacecraft
1 D . . ..
! ot Cancer Deat Radgarth shielding (long term human missions)
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FOOT (FragmentatiOn Of Target)

International Collaboration — 99 authors, 35 institutions, 6 countries

Start Counter

d’o/dEdQ for nuclear fragmentation with 5%

Emulsion chamber

/

beam

A 4

uncertainty in direct and inverse kinematics

Light projectiles (A<20) at 150-1500 MeV/u on therapy/space targets

Beam in different facilities — “portable”

///
2 complementary setups: > Emylsion Cloud Chamber (Z < 3)

Electronic detectors Setup (Z > 2) —\ e o BGT Calorimeter
\ Scintillator Bars
FOOT core physics program Torgat
i Si microStrips
. Research Energy " ' /
Fragmentation Field Beam [MeV /u] Target Kinematics l '
Projectile Therapy 4He 150-400 C, CoHy, PMMA direct
Projectile Therapy 12¢ 200-400 C, CoHy, PMMA direct
Projectile Therapy 169 200-500 C, CoHy, PMMA direct
Start Counter
Projectile Space 4He, 12¢, 160 700-1500  C, CoHy4, PMMA, Al direct
Target Therapy 12C, 160 200 C, CoHy inverse \Sllel_-lr‘;:Z: :;I::elctor Silicon Pixel
Target Therapy P 100-220 C direct Inner Tracker
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FOOT apparatus: emulsion setup

- Section

Section [I

Section 111

Emulsion Cloud
Chamber Setup

e

C2H4 layer
2000 ym

——

Emulsion film
350 pm

Lexan layer
1000 pm

Emulsion film
350 um

Pb layer
1000/2000 pm

W layer

500/900 um

* Light fragments Z < 3
* Angular aperture of 45°
* Sections:
I. Emulsions + target
II. Emulsion layers
III. Emulsion + passive material
* Different beam energies with
single irradiation

Beam

> Ready and acquiring data

\)30 ?)\'
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FOOT apparatus: electronic setup G

Upstream Magnetic Spectrometer Downstream
> - > -

@lectronic Setu@
BGO Calorimeter

Permanent magnets TOF-Wall | * “Heavier” fragments 3 <7Z <8

/ \ Scintillator Bars

Si microStrips

/

* Angular aperture 10°
Target

Beam Monito

|

> 2-3m in total
(~ beam energy)

> Characterize both primary beam
and fragments

|

5 : :
Start Counter 3 main sections

* Upstream: Trigger + beam
* Spectrometer: Tracking + Rigidity

Silicon Pixel

Vertex Detector Silicon Pixel

Inner Tracker * Downstream: Charge + TOF + Exin

~150-200 cm

> Ready and acquiring data
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Emulsion setup: first results

Example of event

reconstruction

‘% - Track angular
N\ 4 81000 distribution |~Z7]
“IP.PTZ Camera | : -
.\ 7/ N s [ 800~
2 Data acquisitions started in 2019 500l
2 SC + BM for primary beam monitoring aoof
> Vertexin% (Sectionl) + Charge identification (Section2) 200
Track reconstruction Thermal treatment + %0 0.1 02 03 04 05 06 07 08 09 1
Principal Component Analysis tand
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Emulsion setup: first results

Charge identification published in two works! Currently working on

* doi.org/10.1016/].nima.2005.08.109 * Cross section (in submission!)

Charge identification Charge-changing cross section
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http://doi.org/10.1515/phys-2021-0032
http://doi.org/10.1016/j.nima.2005.08.109

Electronic setup: first results

* Many data acquisitions with .
partial and full setup

Magnets ’ Y l
, / |

. |

|

* Solid charge identification from
TW (soon also MSD)

* Analysis with SC + BM + TW
finished!

* First differential cross
sections!

* Mass identification capabilities
under study (CAL + Tracking)

Full setup first mounted in late 2023!
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Electronic setup: first results

160 =1 T T T T -
L4
| SoH f(x) = c+alx
. 140 ! Coefficients (with 95% confid bounds): | Calorimeter performance paper:
¥ Good energy (AE) resolution ', pefficionis (W confidence bounds) P pap
1

a= 4279 (423,432.9) doi.org/10.1088/1748-0221/20/03/P03021
c=  33.74 (33.11,34.38) |

-
e
[an]

¥ TOF resolution ~ 45-50 ps

" Very good charge separation

AE-TOF performance papers:

std(T_R-T_F) (ps)
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https://doi.org/10.1016/j.nima.2022.167615
https://doi.org/10.1088/1748-0221/20/03/P03021

Electronic setup: first results

160 (400 MeV/u) + C/C;H/H — [He-N] + X

Experimental campaigns with C and C,H, targets

* doi.org/10.1103/nmw9-ldrm
* doi.org/10.1103/17ng-3ddt

do
—H—
dQ[] 4

do
dQ

[C2 Hy]

-255101)

First elemental + angular differential
cross section measurements/!
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FOOT future developments: Emulsion setup

Nano Imaging Trackers Test @ Nagoya Proton Therapy Center

I I I I ‘
k

End of range  ~26 MeV ~68 MeV ~86 MeV  ~126 MeV  ~179 MeV

SENSITIVE GELATINE
LAYER PLASTIC BASE

N

120 um

Very thin emulsion layers
Sensitive to 100 pm tracks
Not sensitive to MIPs
R&D ongoing!

Prgtection coat with gelatin

Direct target

fragmentation

measurements

| ~ 70 um NIT sensitive layer
| ~ 50 pm Plastic base
~ 70 um NIT sensitive layer

\ L] L]
Protection coat with gelatin . 4 PI’Ellmlnary
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FOOT future developments: Electronic setup G

Full Event Reconstruction
Exploit full FOOT setup capabilities
* Particle tracking + calorimetry

> Redundant particle identification (Z, A)

Entries

T TTIT

p-TOF mass
reconstruction

10°

10?

> Isotopic double differential (€2, Ex) cross sections : Preliminary
> «-clustering in projectile fragmentation L
> Inverse kinematics measurements (H/O + X) =

: He

\

C’Jm‘

1 1 | 1 1 1 I 1 1 1 I | | | ‘ 1 | 1
12 14 16 18
Mass [a.m.u.l

Kalman filter
particle tracking
Upgrades

* Detector developments (Tracker + TOF-Wall)
* Neutron detection
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FOOT website: https://web.infn.it/foot/en/home/

o
COHC]USIOHS FOOT papers: https://web.infn.it/foot/en/docs-links-eng/

Nuclear fragmentation measurements with FOOT ongoing:

* 2 complementary transportable setups (Emulsion + Electronic)

PRESENT

v First cross section results from both setups published/being finalized!

v Charge identification capability of both in line with requirements

* More data takings at: e ";‘. : -
+ CNAO November 2026 (*>°C 400 MeV/u + C/C,H,) ,- } J e

“ CNAO 2027-20XX (inverse kinematics, 'O, ‘He) "W M- ,‘J
A 3 J:g
+ GSI (asap, *Ne beam at 800-1500 MeV/u + C/Al) -

2026 November Future Many more
L I * [ ﬁ tod O' '

CNAO CNAO GSI
Electronic + emulsion Inverse + 0O + ‘He 20Ne
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https://web.infn.it/foot/en/home/
https://web.infn.it/foot/en/docs-links-eng/

FOOT website: https://web.infn.it/foot/en/home/

o
COHC]USIOHS FOOT papers: https://web.infn.it/foot/en/docs-links-eng/

-

Nuclear fragmentation measurements with FOOT ongoing: ‘lﬁan&you fOf your attention
* 2 complementary transportable setups (Emulsion + Electronic)

PRESENT

v Charge identification capability of both in line with requirements

v First cross section results from both setups published/being finalized!

M data taki t: z
‘ore ata takings a -‘"-\
“ CNAO November 2026 ('2C 400 MeV/u + C/C,H,) V4 j e

“ CNAO 2027-20XX (inverse kinematics, 'O, ‘He) "W M- ,‘J
. ol
+ GSI (asap, 2Ne beam at 800-1500 MeV/u + C/Al) -

2026 November Future Many more
L I "
* to do!!

CNAO CNAO
Electronic + emulsion Inverse + 1°O + ‘He "'Ne
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