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-O0T (FragmentatiOn Of Target)

The FOOT is a fixed target experiment, whose goal is to measure fragmentation
cross-sections of interest for hadrontherapy and radioprotection in space,

with a precision of ~5%.

Hadrontherapy

Goal: more accurate knowledge of
fragmentation processes to improve the
treatment quality.

Projectile fragmentation: 2C, 160 beams
@ 200-400 MeV/u , direct kinematic

Target fragmentation in proton-therapy:
same beams, inverse kinematic

FAst Timing Application 2019

Radioprotection in space

Goal: more accurate knowledge of
fragmentation processes to optimise the
spacecraft shielding in the long term
missions.

12C. 160, 4He, beams @ 700 MeV/u , direct
kKinematic
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-O0T (FragmentatiOn Of Target)

»  The FOOT is a fixed target experiment, whose goal is to measure fragmentat
cross-sections of interest for hadrontherapy and radioprotection in space,
with a precision of ~5%.

Target Frag. PT 12C C, C,H, 100-200

Target Frag. PT 160 C,CH, 100-200

Beam Frag. PT 26 C, C,H,, PMMA 200-350

Beam Frag. PT 160 C, C,H,, PMMA 200-400

_ Beam Frag. PT “He C, C,H,, PMMA 150-250

ey 58] (Gormany), | = | Rad.Prot.space | “He C, C,H, PMMA | 500-1000

g‘:r*lﬁgn‘;;‘,“l’:ﬁgty i;::f::,_ Rad. Prot.space 12¢ C, C,H,, PMMA 500-1000

gﬁj\?‘(’lﬂﬂ, )(,Fra"ce)’ Rad. Prot.space 160 C, C,H,, PMMA 500-1000
10 INFN sections/labs
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The FOOT setup

Calo

Beam Monitor Vertex Magnets Outer tracker

b
A

Start counter Target 4
~2m Inner Tracker
< >
Sub-detector Main features >  Goal: measurement of
Start Counter 250 um plastic scintillator, SiPM read-out Ekin, Z, A of fragments
Beam monitor Drift Chamber Ar-CO> Optimised for Z>=3
2 =
Target C, CoHs (2-5 mm) frg Inm‘lfrelts (;’n >Iar
u
Vertex 4 layers of Silicon Pixel detector, MIMOSA28 20x20 pm?2 9 ’ J
acceptance of the
Magnet Halbach geomertry, 0.8-0.9 T o
y . apparatus = 10
Inner Tracker 2 layers of Silicon Pixel detector, 20x20 pm?2
Outer tracker 3 layers of Micro Strip detector, 125 pm? » Table-top experiment,
AE - ToF olastic scintillator 3 mm thick easily movable to fit with
Calorimeter matrix of ~ 300 BGO crystals the limited space of

treatment and

> Needed detector performance: experimental rooms

o(p)/p ~ 5%, o(ToF) < 100ps, o(Exin)/Ekin ~ 2%
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The FOOT setup

Q
Start counter
~2m

AE-ToF
>

<

Sub-detector Main features
Start Counter 250 pm plastic scintillator, SiPM read-out
Beam monitor Drift Chamber Ar-CO2
Target C, CoHs (2-5 mm)
Vertex 4 layers of Silicon Pixel detector, MIMOSA28 20x20 pm?2
Magnet Halbach geomertry, 0.8-0.9 T
Inner Tracker 2 layers of Silicon Pixel detector, 20x20 um?2
Outer tracker 3 layers of Micro Strip detector, 125 um2

AE - ToF plastic scintillator 3 mm thick

Calorimeter matrix of ~ 300 BGO crystals

> Needed detector performance:
o(p)/p ~ 5%, o(ToF) < 100ps, o(Ekin)/Ekin ~ 2%

FAst Timing Application 2019 S

» Goal: measurement of
Ekin, Z, A of fragments

» Optimised for Z>=3
fragments, angular
acceptance of the
apparatus + 10°

» Table-top experiment,
easily movable to fit with
the limited space of
treatment and
experimental rooms
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[OF for fragment Z identification

AE in SCN
dE p-Z 47 Ny mec? e? ° 22 I 2mec? 32 52
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TOF [ns] The Z resolution ranges
‘ 160 (200 MeV/u) —> C2H4‘ between 2% (160) and 6%

(H)
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Redundant Detector: different ways to determine A

for fragment A identification

o F 2 2
T s0F 120 L p 126 ‘ Ekin Ao — D — Lyin
S F A = —— Ay = 3 =
S ™k U By U(y—1) "
150 : =T
1002— 100 40-
%:....51....110... 115....210.... % 5 i ..115-...210.... %- : 1'0""1'5‘ 20 A3
AE-ToF & Tracker A1 AE-ToF & Calo A2  Tracker & Calo
> Fit with the Augmented FLUKA simulation S0
Lagrangian Method ‘ 160 (200 MeV/u) —> CzH4‘ 2500k
(ALM) :
. 2000
» Expected resolution on Resolutions: : e
the atomic mass A > o(p)p =4% 1500F
ranging between 3% : 4o 1000/
and 6%. with the > Oo(Ekin)/Ekin = 1.5% : 140
required detector » o(ToF) = 100ps “F
resolution »  O(AE)/AE = 3-10% Opitgg "1!)”"11""12""13 14 15 16 17
AaLm
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Start Counter detector

» @Goals:

» |ncoming ions counter
» [rigger
» JoF start

» Requirements:

» Minimise the fragmentation probability
Inside the detector active medium

» ToF resolution below 100 ps

» Active mean:

» Plastic scintillator EJ-228, 5 x 5 cm?,
250um thick, incapsulated in an
aluminum frame

» Enclosed in a tight-light box with 2 thin
aluminum (0.4 pm)+mylar windows (4um)
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Start Counter read-out

» Read-out performed by 48 SiPM ASD-
NUV3S-P, (8 boards of 6 SiPM
connected in series)

» The SiPMs are side-coupled to the
scintillator, instrumenting 3.6/5 cm per
side

» The power supply
and the ead-out of
the SIPMs is
provided by the
WaveDream boards

|

‘ @*‘—"ﬂ-'.""""'? .

@ -
= Ty -
' ~

Wavedream
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detector

Goals:

AE measurements for fragment Z
identification

Trigger
ToF end

Requirements:

B

B

Energy resolution at level of 5%
Time of Flight resolution below 100 ps

Active mean:

B

10

20x20 bars of plastic scintillator
EJ-200, 2x44x0.3 cms3, hold by an
aluminum frame

Each bar is wrapped with and ESR
specular reflector
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- read-out

7
5

» Each bar side is coupled to 2 SiP

(MPPC by Hamamatsu) with 3x3
mmZ2 active area, biased and read-
out by a single channel.

SiPMs

%Y
7‘.

» The 80 channels are powered and read-out with the same system base on the
Wavedream board

1“)
:

. . -
| ey P I P —
- T .1-1 T.1.1 !

L]

Wavedream
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VWaveDAQ system
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A.M. Baldini, et al., The design of the MEG II experiment, Eur. Phys. J. C 78 (2018 ——
230, http://dx.doi.org/10.1140/epjc/s10052-018-5845-6.
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Test @ CNAO with 2C ion beams

» 12C energies ranging
between 115 MeV/u and
400 MeV/u

» Setup (a) for energy
calibration and ToF
resolution evaluation

»  Setup (b) for Z
identification studies.
Target material: PVT

Bar?
Start Counter Start Counter Bari ‘ -----------
Bar Bar? Target o ‘ ...............
» ................................................. I ..................... I ..... » ................. I.\ =y .....................................................
12C beam < > —> 12C beam 6=3.2° 8.6°
60 cm 40 cm
(a) (b)
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- charge resolution

Particle Energy (MeV/u)

14 - — ,

: % & Proton .
8\‘3,12» @ 0O Carbon
- Z
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Development and characterisation o f a AE - ToF
detector prototype for the FOOT experiment -

Nuclear Inst. and Methods in Physics Research, A
916 (2019) 116-124
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Start Counter
Bar1 Bar?2

» Energy resolution 6-7% with
Carbon ions, up to 14% with
proton beams (test beam @
the Trento proton-therapy
center)

> The resolution is crucial for the
accuracy on the fragment Z
reconstruction!
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Time of Flight evaluation

12C beam @ 150 MeV/u

> f S
© 0.05F © :
ST S Of
S A 3 r
e " o B
i € -0.1-
< : - 0 1:
-0.051 Start Counter 0ok AE - ToF
- single channel L single channel
—-0.1 -
_ —0.3-
—015:_ A . (In :Iz—rn,)2 :
_ : f(t) — e 252 —0.4
021 ' TV 2ms? -
- ) L | L1 1 1 | 1 1 1 1 | 1 1 1 1 | I I | | L1 1 1 | B
I _05_
20 30 40 50 60 70 80 L oo v b b b by Iy
Time [ns] 20 40 60 80 100 120 140

Time [ns]
Waveforms are fitted with a LogNormal distribution

CFD algorithm to extract the arrival time of the single channels in the acquisition
window (~200 ns)

Start Counter time (t_ST)-> weighted average between channels according to their
resolution

AE - ToF time of single bar (t_ TW)-> arithmetic average of the up-down channels
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Resolution [ps]
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CFD optimisation

120}
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80F
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E‘?D E'I'hrcshold /\ o Add 4‘
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~ - S
/A v o~ |
Time (ps)
N
N
Zero crossing point
N Ekin = 352 MeV/u » AE - ToF: using a CFD algorithm to
O delay 0.4 ns : : Ce
extract the arrival time we minimise
[0 delay 0.6 ns . .
- A delay 0.8 ns the time walk due to the different
o delay 1.0 ns signal amplitudes depending on the
s v delay 1.2 ns fragment position along the bar
7 delay 1.4 ns
» Start Counter: time walk due to the
B o high released energy fluctuations
- ﬁ
i O ¥
" A
v ¢ @ B 8 ©
02 03 04 05 06 0.7
Frac
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Sampling clock jitter subtraction

> 0.3 — SC CLK > 0.3}
s i ©  [|—SCCLK :
e ) ; E B NERE i
-— B — - = - I
o L “AETor BhK s 020 — AE-TOF CLK| 11
- : i . 11
< o1 | N } 5 ; < 04k .
o AR S B I T ¢ I I '
o 2 5 >
- I
: : ;‘ SR : 1" Inter-clock
-0.1p [ ' ," I | jitter,o ~ 100ps
B I |
. i i - I
—0.2f il
| ||III|IIII|IIII||III|III[|IIII|IIII|I
19 19.5 20 20.5 21 21.5 22 22.5
Time [ns]

» The time jitter between the sampling clock (due to the internal WaveDream
routing) has to be taken into account

» Linear fit on the all the clock rising edges are performed to extrapolate
period and phase. The clk phase is subtracted when computing the ToF
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Start Counter
Bar1 Bar?2

» The results match with the
FOOT requirements!

> AE- ToF contribution
35-50 ps

» Start Counter contribution
60 -100 ps

Acireale, 3-5 September 2019



v

Charge (AU)

AE- ToF energy calibration

Used 5 different beam energies
(115 MeV/u, 190 MeV/u, 260 MeV/u, Start Counter o
300 MeV/u, 400 MeV/u) , with the

beam at center of the two bars

Bar?2

Saturation effect fitted as : 60 cm 40 cm
AEmode
Qmode = Da.i i,erp
i,.D T FPag’ o Tmode
1+ pb-ZAE-i,erp
=350
120 ¢ Carbon ion data ‘% i Carbon ion data
| — Birks' function fit é 35 _
100__ 6 2.5-- — Linear fit
i — .
80 _— Data: Carbon ions, E=190 MeV/u 2 :_
s0- S o 1.5
E eoo;— 15_
40— 400 E
: 200:_ 05__
20 e -
: 90 30 40 50 §0E1D [|\7/|0eV] 0 _—
llllllllllllllllllllllllllllllllllllllllllll _0 :llllllllllllllllllllllllllllllllll)(10—9
00 10 20 30 40 50 60 70 80 90 ' 0.5 1 1.6 2 25 3 3.5
A Eexp [MeV TC)FG)xp [S]
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AE- TorF fragment identification

» MC simulation is useful to know which
species are produced

Start Counter
> Allthe 6 Z predicted by the simulation Target .. ‘ .
can be distinguished! The Z resolution in » ................. P.-.-.-.-::::.‘.‘.‘) ..........................................................
the range 8-20% (to be optimised) 12C beam 6=3.2°, 8.6°

Fragments at 3.2 degrees, E=280 MeV/u
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AE-ToF detector scan

e Beam
positions

> TiIme and energy resolution compatible with that measured in the previous test
beam
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AE-ToF detector scan

100 eam
© Total k2 ositions
Q  Left Side O
80 C Right Side o
© C O
t O O
® 60 O O
= o . o © o ©°
& 0o ¢B@ggoo00®®
b o o g
g 40 o©°® oo o
@ “ o0
o)
O
20 1 uniformity within ~5% is obtained
O 1 1 1 1 1 1 1
20 -15 -10 -5 0 5 10 15 20
X Beam position (cm)
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- detector scan

l positions

014 1
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Signal collected at the two sides of the bar as a function of the beam position
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Test beam @ GSI with 160 beam

Beam  Target Vertex

ST Monitor (C) AE - ToF

160 ( 400MeV/u)

v

» First campaign involving different
sub-detectors: test for trigger and
DAQ

> Apparatus still not completed: no
magnetic field, inner-outer
tracking system and calorimeter
missing

AN | Y e » Charge-changing cross section
| il W R A, measurements could be
performed
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Test beam @ GSI with 160 beams

—_ - A 885.6 = 17.3
g 9001 m u 28.12 = 0.00
< - o 0.07975 + 0.00100
geo0 |
2 7000 .a®
g " ® — 120
£ 6002 g
S 500" s 1O o
) 9 - ,(0\“
4005 S 100F o !
: o T ¢
3005— O O0F
200 | - \/
- S 80 v v
100 = S
O: N L T 70
27 28 29 -
TOF [ns] 60 v '°C beam
| >0F v %0 peam
» The measures ToF resolution 40F
(~80 ps) matches with the -
eXpeCtationS! SP_IlllllllI|IIII|IIII|IIII|IIII|I
00 150 200 250 300 350 400
Beam energy [MeV/u]
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Test beam @ GSI with 160 beams

2 100 =
5 - ‘«;\(\3“]
S r pret
10° =
102 = 1
10 “IL[ Tl
1=
:llllllullllllll|Ill|ll||l|l|lll|ll||l|l
0 20 40 60 80 100 120 140 160 180 200
AE released in the scintillator [A.U.]
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Conclusions and future perspectives

The FOOT experiment has started in 2017, and few months ago the first data-
taking @GSI facility with a partial setup has been performed. The detectors
performance matches with expectations!

The Microstrip detector, the calorimeter and the magnet development is ongoing.
The full FOOT setup will be available in 2021.

Next data-taking campaign are coming: @GSI (spring)2020, @ CNAO(2020, to be
scheduled)

” The FOT collaboratlon (a very very smaII part)
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The hadrontherapy rationale

»

-t

Protons or 12C ion beams

o
(o)
llllllll

Relative dose

"

.
P”

—— Carbon lons
(200 MeV/u)

Beam penetration is a function of the Protons (107 MeV)

beam energy (60-250 MeV for 8

protons, 100'400M9V/Uf0r12C) 0 111111111111111|1Lm—==!==$...I...
0 20 40 60 80 100 120 140 160 180 200

Depth (mm)

Photons

The dose is mainly released in the
Bragg peak, at the end of the beam
travel in the patient, allowing to
better spare the healthy tissues wrt
the conventional radiotherapy

The biological damage is related to
the released energy, ionization _, \
density and type of projectile used | ‘ Bhotons
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Role of fragmentation in hadrontherapy

Projectile fragmentation (for Z>1 ion beams)

P

P

Arbitrary units

~ same velocity but different mass wrt
the primary particles—> longer range
causing a long undesired tail beyond
the Bragg peak

Mixed particle field of different cell killing

effectiveness, considered in 12C
treatment but scarse validation data.
Effect to be studied with alternative
beams 4He, 160

_- N W A2 O O N oo o

|ll l‘llll]lIlllllll'llllllllllllllll

L

secondary fragments
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Depth [mm)]
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Target fragmentation
Low energy fragments (range ~ 10 um)

Most abundant fragment expected: He,
C, Be, O, N

No experimental data for />3 ions and
MC models not reliable.

Biological impact: the radio biological
effectiveness (RBE) is proportional to the

dE/dx (—> increases with the charge
Z2)

Gamma radiation

- —————— - ———————-——-— -~ ———— - —— -

.c’ + -
1MeV Protons <y

1MeV/u alphas. %A—AW-
1MeV/u C-1Z ions W \
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arget fragmentation in proton-therapy

Proton @ Target fraogments:
low energy

‘ , / Fragment E (MeV) |Range (um)
- i @ ond short range 150 10
‘ N 1.0 .

Tissue
(12(:’ 160)

N 2.0

Fragments Inverse 130 3.0

remain in the kinematic e 3.8

target! approach e 4.6

B 5.4

C, C2H4 target "Be 6.4

Tissue (~2 g/CmZ i 6.8

(2C, 1°0) Beom fragments: “He 6.0
ond longer range 3

H 2.5

fragmentation probability ~ 10- 3

d d d
A (Ppeam) ) = > S (CoHy) — 252 (C)
_ dE 4 dE dE
Lab. FrameH Patient Frame

By applying a Lorentz transformation we switch The cross section on 'H is computed
from the laboratory frame to the “patient frame” by subtraction
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1he

-O0T emulsion setup

SECTION 1: SECTION 2 SECTION 3
Vertexing Charge identification Momentum measurement
(~4.cm) (~1 cm) (~4 cm)
) |
« 7)3_|_ » Low Z fragments
“““ are emitted @ large
Cbeam | ||| | angles (up to 75°
g wrt the beam
----- direction)
He
) dod L oy L ) »  Kinematic quantities
B 1 mm (¢ RO| ‘Rccl ‘ " RoO| ‘ 1 mm C
00pm — k—  ‘Corch, R1| R R1 — and fragment
Emulsion R2 R2 R Pb layer

layer
film

Section1: target plates (C/C2Hs) interspersed with emulsion

identification
provided by tracks
of fragment

p

films —> vertex detector
p

low Z fragments
p

Section2: emulsion films only —> charge identification for

Section3: lead planes interspersed by emulsion films:
momentum measurement and isotopic D

reconstructed in the
emulsions
(automatic scanning
performed by a
MIiCroscope)
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FLUKA

smulation | OrOSS-Section measurement

160 (200 MeV/u) —> CzH|

» To check the validity of the target cross
Yf . BKGf sections combination method we evaluated bo

— cross section on hydrogen target and the cross

dExin Nion - Nt - QEkin "&f  section obtained from the difference method.
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Data taking @ GSl: emulsions

Beam Emulsions (C, IFSESXI DS
160 (200,400 Monitor  CzH, target) n

-

Emulsions

Mewu I - -

—

The emulsion scanning is ongoing @ Naples with a
dedicated microscope providing an automatic scanning
procedure.

fragments

example of
vertexing

FAst Timing Application 2019 34 Acireale, 3-5 September 2019



Role of fragmentation in radioprotection in space

10

Long term missions in space expose the
astronauts to a huge dose release

1
100 |-

The fragments produced in the shielding material
of the He, C, O components of Galactic Cosmic
Rays significantly contribute to the total dose—>
the choice of the spacecraft shielding material
is crucial for the long term missions far from Earth

102 |
100 |
104 |
106 |

An accurate knowledge of the He, C, O i

fragmentation x-sections is needed to design
efficient shields

107 |

1| g

Differential Flux (m2 sr MeV)-1

103 1

Mars mission: el W L
. 102 109 104 106 106 107
dose ~300 times Kinet: MaV/
larger than that Inetic energy ev/u
absorbed on
Earth, 3% risk of ~87% of protons, ~12 % He ions, ~1%
Cancer death heavier ions (mainly O,C,N), peaked in

the 700 MeV/u - 1 GeV/u energy range
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&S| Hirst results

Vertex 160 beam spot
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AE released in the scintillator [A.U.]
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Seam monitor

Ar-CO?2 Drift chamber

6+6 orthogonal layers of wires, 3 cells per layer (hit resolution ~ 150 pm on 12C
beam)

Provides the beam direction (~mrad resolution) and position

It could be used to reject the fragmentation events ins the start counter

.
L2
-
L2
w
-
-
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[racking region

Magnet MSD
Halbach cylindrical geometry > Silicon Micro Strip detector
Uniform dipolar magnetic » 3layers 9 x9cm
field | > 125 um pitch
B proportional to In(Rouw/Rin) » < 30 um resolution

B~08-09T

5 > MIMOSAZ28 Chips
s > 50 uym thick, 20.9 ym

1- ||r ';|¢|': '.‘;!I|I' B\
Al L

; pitch
> Vertex detector: 4
layers 2 x 2 cm2

> Inner tracker: 2
layers, 8 x 8 cm

» First two stages of the
tracking system
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Calorimeter

~300 BGO crystals
»  SIPM readout + Waveform digitiser DAQ
> 1-4 % energy resolution (test beam @CNAO, GSI)

0.05

= i N
@|.045 E—v g a\} § Proton @CNAO
D 0.04F Y@L i Carbon @CNAO ...
ek, OEOROABT

oo = : : A : : : H

0 o 0 15 pr—t RN E G EGAA AR, RS PR EEREEEE R LR R R R . R R R SR R TR B e
oo : : : - : : : oo
oL : : : A : - : .

0 01 St AR R SRR PERE TR REEEEEER) X S R S LR R EEE RN EERE R
. . . . . . . . . . . . P . . . . .

0,005 SO W L1315 S— L B .

Ebeam (MeV)
FAst Timing Application 2019 39 Acireale, 3-5 September 2019



