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FO0T qoal

Q&d&opraéé&c&wm n space

Target fragmentation

do/dE and do/dw with 5% precision of the fragment production
X sections in inhverse kinematics
p, C, O beams

Hadrontherapry energies (200-400 MeV/u)

Detailed knowledge of
the fragmentation
processes to optimize
the spacecraft shielding

Proijectile fragmentation (long term mission)

same buf in direct kinematics

L AT . . o
N '»f 4 and with 5% precision of the fragment
NS T MY production X sections in direct and inverse
L ’ ’ kinematics
Q&d&obmng requesk: to have a more | ) beams (the most common in space)
precise Treatment Planning System (TPS) Radioprotection energies (around ¢00 MeV/u)
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07T Collaboration

FOOT aPProvecl 1'99 the INFN on Sel:)tember 2017 (CSN3)

SVEITS , &
‘.‘i\{ 4
\._
A _ . »Verbaniae
Torino B i il < Gy
b3
T, . 90 KROATIA
o . N0 b
¢ [ ]
eSusa/ .

’ Piacenza _ o Bologna

.’. istoia » Pesaro
* @ Firenze  eurbino. o Ancn

[ J
s Perugia
] =i Piceno
.Gmss AL ePescara

\Aquila

e Isernia

Frascati

=
Olbia
eSassari
““eAlghero e Siniscola
Nuoroe e

Abbasantae; ©Fonni
~“#Oristano Sardinia

*Guspini

lglesiose o Cagliari

Sant' Antioco’ «Teulada

Sicilia

Messina & O e
/ ® Reggio di Calabria

e ¥
, maoni Palermo

Mazara del Valloe Caltanissettd o <

eAgrigento

J 40 Mabbeo Franching - University of Bologna

@ Bari
, v .
Napoli Sis
\ nza _
Cap S
e Agropoli

BOSNIA-HERCEGOVINA

SAN MARINO  =ony,
Riminio/.

ITALIA v

e Foggia

eTaranto

Otrantoe
Gallipoli®

sSenise

rotde” ¢ Maratea

o Sibari

" ®Cosenza
Crotone ®

® Catanzaro
Ll

Ragusa ® Siracusa

spicae

101 members (60% staff):

* 10 INFN Sections

* 5 laboratories: Frascati, CNAO, Trento, GSI,IPHC (Strashourg)

* 12 Italian Universities
* 2 foreign Universities: Aachen, Nagoya

* Centro Fermi

Physics program:

* Hodrontherapy:
* Nuclear fragmentation @ 200 MeV/u
* Rodioprotection in Spoce:

* Nuclear fragmentation @ 700 MeV/u
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100 -
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[ C2samev |
C 300 MeV

|

RELATIVE DOSE (%)

Gamma
Superficial Energy deposit

lonization (Compton, pir)

Proton 135 MeV

- Proton/charged ion

Brag Peek
=3 Long Range
Fragmentation
Depth in water (cm)
Pros and cons
= = — ey = = - _a_lv
,@Dose re!ease maximum at the end @Less damage outsvde tumour ,
f 1
”@ Penetration depends on energy @®MoRre expensive than y t
@ More effvcvent than y '
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Damage o DNA

7 N

Tumor is a cellular alteration = not controlled pro/iferation - stop the pro/ifercrtion - dcrmcrge on DNA

Courtesy of NASA

Ionising tracks € nanoscale ... but necessary to know the
Nuclear fragmentation cross sections

Gammaradiation 200 MeV proton > water
% | CELLKILLEDBY (25 7% Ry /40 [}
S F® lonization N S S
IMeV Protons v +e fragmentation B |
5k Sk \
< : ’ S b
1MeV/u alphas. 9 : IR AN
R=1/8 | . .. "fragmentation
1MeV/u C-
% cell killing, = 0.25% cells undergoing nuclear inelastic interactions
. | | - Bragg Peak: = 40%€ell killing, = 1% cells undergoing nuclear inelastic interactions /
Righer Z , R R~ irreparable damage
healthy tissue Depth
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Tarqeb-Projectile fragmentakion

Projectile Tarqget at rest

H, C, O
(95%)

‘{Cbeam 400 MeV/c|
e

_..g 62— ........................................................................

> sp larget

2 fra}gme:ntatmn ................................ brojectile
3:_ ............................................................................................... fragmentatlon

2 ! ........... T—
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Depth [mm]

2.1 Matteo Franchini - University of Bologna

|y P ot C O % Tqrget frqgmentahon —> Low Ener99 and Rcmg .'

W

_ e e —— — — =—— P A A H i

> high energy and /ong ronge

= 1
f ; 9*'C + H @} Pro!ectv/e Frcrgmentcrtfon 1
I «C+C,0 ‘% Both fragmentat:on |

100 - X-rays

relative dose (%)

protons
20 F carbon ions ﬂq\\ T
tumour .
o . - | - Tail present only when
penetration depth in tlssue tumour US] ng Ca rbon
| |
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T m*qe% ﬂfraqmev\%aﬁ Lon measuremnment

Problem (again): Hydrogen target
Problem: Need to measure target fragments
BUT fragments remain in target Solubi
olubtion

Target (2mm)

C

\
i
\

reference frame :u:___.. \
transform ‘\ Fragmentation probability ~ 1%
DIRECT KINEMATIC ' IWEQ_EE K;N“:”’f’“ﬁcj » Polyethylene target CoHa + carbon target
(graphite)
* Subtract the cross section on carbon to
the one on polyethylene
Shoot C,0 (,H) on proton beam
¥ ___ Reference frame back-transformation = Lorentz boost 7\ . do do
| @ oineiinal oroducts (subtract the projectile momentum). 2L (H) = (C,H,) -2 (C)
- T dEkin 4 dEkin dEkin
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Heavy fragments

n,e,D,T,
He

/' Calorimeter_

BCO ‘

} Tracker
|
| °

' Beam Monitor

\  Silicon Strip |

1

Angular oren
+ 10°

AE—TOF

Silicon Pixel \_scintillator

“ Tracker
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Emulsion film CaHs Tungsten Tungsten
300 uym 1000 pm 500 ym 900 pm

C (C2aH.4) layer
1000 (2000) um

Lead

1t

M|

Light fragments
(p, He) 160 @ 1

=
‘ 200 MeV/n g

Angular open 200 MoVl e

O .0 | ' ‘
i 70 09,, UL
1 Charge Momentum measurement
identification and isotope identification

Vertexing ~ only emulsion alternated layers of emulsions
alternated layers of :

sp=soee ]
be r :* E‘IlltllSiOllS and target
| (C or CoHy)

M ___ T = ]

- Emulsion Cha

= — =—— =

= layers and passive material (plastic,
tungsten and lead)

!

\*J{jo’o . . . . . . . . .o'- 6‘:. A
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‘Pre*%arg Q% Tegion

—

S&""& Counter (SC) ¢

—_—  — — - — -
. e

Tneeer and ToF start

250 pm-1 mm thick plastic scintillator (depending onh E beam)
50 mm radius

~ 400 ortical fibers > 4 bundles to 4 PMTs

e

Beam momentum/direction &

2555484

Drlft chamber
fragmentation Gas: Ar/Co, (80/20%)

TR - . .
807 Mabkeo Franchint = Universiby of Bologna
7 L@éﬁ‘&‘a S j p

10
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VTX: 4 layers of Si pixel (20 x 20 pym)
ITR: 2 layers of Si pixel (20 x 20 pm)

\\\ 7
\‘\\ ,///

S —— _——

erbex & Inner
Tracikeer

QLOWN

e = = — = -

. Magnetic Field . | :
2 L | 14 4\
1 3 layers of Si strips
il (120 pm x 9 cm)
ST : . - ;—1 . . — ‘l | B e el ’//;/
0 a0 a0 w I L N |
| |  Micro Strip Detector

| 2 permanent Hallbach magnets

D
\ B field in y axis (max 0,9 and 1.1 T respectively) ('M )

N
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Scintillator (SCN)

S ———
T —

7

40 x 2 cm plastic scintillator bars
3 mm thickness

2 layers of 20 bars
Silicon PhotoMultiplier (SiPM)

p—— _— —— — N —
e — e

Calorimeter (CAL)

7
/ J

MK

BGO - (Bi4Ge3O12)
Inorganic scintillator

ZBi = 383

Peco = /.13 g/Cm3
Weight = 1.027 kg
Total weight 330 Kg

SiPM. Pitch 50 pm
\  Voltage breakdown 53 V

%Afﬁ““ - . .
“ ] Matteo Franchini - thersn&j of Bologha
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Beam &es&s resuiﬁs

E“TO§ test beam CCNAC Colorimeter: test beam @HIT

Proton '
Carbon

X: 1.239+04
Y:108
102F : .
I m M
i ‘)‘ \“
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Enaulsion kestk beam @LNS and
Trenko

[
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Number of mass A

10

Final result with

s

14 16 18 20 22 24
A1

Augmem‘ed

Lcrgrcmgicm Fit

(ALM)

= — e @

REDUNDANT Detector
different ways to determine A

10°
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re.cov\s%ruchom

w -
PERCENTAGE RESOLUTION £7001 12C
] - -
?00'_ e 20r A L B
X - Amp 666,91 10.4 - ) /A1 Hecoheiiiced 600
WGOD:— A—I 2 mean 12.011 Q.00 18: ® Zﬁzﬁfm: -
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i R M
: : | eso/ut:on for heav ‘z‘
Conservative Resolutions , Fra ments ~ 3 qo/y | 1 P OSS'/’"'tH to d'se”t"”9/e
i o | N ‘
Ap/p > 4% - w — _— Isotopes.

AE. /E > 1.5% - (C most dnfﬁcu/t) | |
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A(dE)/dE - 3-10%
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Iso&apes separaﬁmm

Conservative Resolutions Test Beam Test Beam Resolutions
Ap/p D> 4% updates Ap/p D> 4%

AE.. /E, > 1.5% N AE. /Ec, > 1.0%

ATOF - 70-140 ps ATOF - 100 ps
A(dE)/dE - 3-10% A(dE)/dE - 3-10%

tesk beam @CNAD

5700 12C Ttottor 20 e | | 12C
2T { Tof resolutlon ( C) better 40 ps w ool
600 - T ) -
- 2500
- 11 - 11
S00r C Latomme&er &es& beam @HI’T‘ - C
- e E————y 2000
4001 L Kmetlc enerey resolunon at I 2% : :
300 o ’ 1500:—
200 1000
100 1OC 500
0p-g—"5 "1!;"'11'"'15"'13'"'14"'15 TR, T R TR T B TR - T T
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Mission to Mars!

* Long cruise (180 days each way), no natural protection from radiation

* Mars has thin crtmosphere and no mcrgnetosphere

« no protection against CR and Solar Particle Events (SPE)

* Mars exp/orcrtion constrained by Mars—Earth periods relation
(270 days, best guess )

* Mars voyage total radiation: > 1Sv/y
¢ Travel: 1.8 mSv/day (GCR + SPE)
¢ On Mars: 0.69 mSv/day (base) + ~1 Sv (surface walk)

* On earth: 2.69 mSv/year

Since 15v
(increase the cancer Probabilitg of “3%)

astronauts need shielding !

101 Solar Minimum

‘Maximum

°
- ‘
£
% \
-
; \
@
” R
,‘E 10°3 * ¥ He
= - e e TS vy Sy \
& e X o0 N\
: 10° = h
: RN
- CR (Galactic Cosmic Rays) \
Fe \
107 )
10 100 1000 10 10°
Energy (MeV/nuc)
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FOOT Sﬁw ,. higher enerqy

Angular distribution 700 Mel) #7%%”
E - —Z=1
§ . Z>2 fragments inside 4° —§=§
g 10 5%, —Z=
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egion el s —2:
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|dentification o Hiil el

Tracking system Region theta deg

A =3 '_ 4 -, ' ,_-, - ,' ; y .' - ,‘..
a. = - .-’3 -,-- ey ) o A i ,--'_.~‘7 -r,-- €=y a ) S o ok -

EMULSION CHAMBER
D1fferent geometry and number of layers

vertexing Charge Id Mom Id

O mm
N
NS
()]
©
—
o

dd
e -

© Same acceptance as @ 200 MeV/u

R ey T

© High resolution on B

o
e ——————————————} * »
R R R R R

o Crucial for Z & A determination

A L (it i b} L2 R o £ 12
& - <> >
 +* Emulsion layer C or C,H, Pb layer

gy ’..’ O ca BEIRY, DB B C L . - BEY. D
WISy ...r__..__-g_._h§‘ - B4 e .AJ..L&A#% §A et B 2 o )

.o N LSSy
S— - o A o A;;q‘_._mA_L
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Z reconstruction performance @700 MeV/u

Energy deposited in SCN SCN CdE -7 An Namec (

‘3 T"HARGE (LL’ :1 A [ U d7re 01MNleC
E ol “1
| 700Mev/n | =
76 —Z=1
l.lll.l|| _g z; - - , .g E :g zé
> — — -
] = — Z=5
h‘ 10° - 700 MeV/n —Z=6
L - L£=9
100 150 200 - - 250 102 =
- = -
—2=3 ol |
w 200 MeV/n ; “[
10° L= B
2= 13 Ll | i “.l.
10° i ARENEN] N 2. I W R A | (A Co

{ _I.jﬁ"k
ok N W \f

‘°W‘ﬁmr W?‘ W{}ﬂﬂ*‘[ 1y I
L twt ok |L'1m||d ' L: 1 2 3 4 8

‘r liulﬂu..;lh il

’ LN, Resol (200 MeV): 9% 3.0 « 2.0% | 2.0% = 2.0%
Resol (700 MeV): 9% 4.5% | 3.6% | 3.0 @ 2.1%

/ l"—‘.!l 0 1 3 4 5 6 7 8 9 _
/ "’Ll Charge £

TS . . . _ ] i _ T
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Cross Section Closure best

* Set up the full machinery to evaluate the
differential (in enerqy, Z, A) cross section

* Unfo/ding technigue used to recover bin
migrcn‘ions of events

* Performed a closure test compam’ng the
reconstructed cross section (from MC events)
with the expected one!

160 +C-> 12C+X 39.3%£0.2% 39.4%0.5

do/dE,, mbarn/MeV

O O O O b =k =k = N
(ST Y- N - - U LI N - S N

=

= | differential Cross Section in mbarn/MeV [-
E Cntrie= 2243
E -F_.- Mean 187.7
:— + Sid Dev TAM
= 12C
= Fluka
= T
f_ Our +
3 — "
E 1 | ol ﬁ#ﬁ*- 1 1 ml 1 | 1 1 1 1
0 100 150 200 250 300
U
do,  (¥Y;— Bkgy) E. /nMeV

dE;, B Nprim -N¢ . Qpgin €f

af fragment: all Carbon Isotopes
a (Y,-Bkgg“ Unfolded (Yield - Bkg) of the fragment

0 Nyim number of primary events

) p- Ny -depth
N, number of scattered center per unitarea N,= A
& efficiency
Q¢ phase space Degin = Ekin,’,m, - Ekin,’m.n

A f| B

<f“,\,:‘é Y s s
" Lu ] Matteo Franchini - thersn&v of Bologna 21
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Cowncluston and Fubure

* Wide Phgsic program on both Hodrontheropy and Spcrce Radioprotecﬁon
¢ Both projecﬁ/e and target frogmentcrtion

¢ Fragment ID in both Z and A\

¢ Differential fragmentation Xsec (in angle and enerqy) with < 5% precision!
* Many encouraging MC studies & successful beam tests

41/7. 41/7.

* wus Detector under construction # =

* Scheduled data taking (partial detector setup) in April 2019, with Oxygen beam @ GSI

* Full data taking foreseen in 2020, with Carbon, Oxygen and Helium beams.

G -Gy
\ Matteo Framchini - University of Bologna 22 57t International Winter Meeting on Nuclear Physics (30
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| Future perspective |

Test Beam / Data Taking

a Test beam during 2018-2019 at CNAO, Trento, Catania fo finalize the detector
Q GSI: FOOT approved for the IBER-2017 ESA program
a Last week 11/2018: 16 h beam (He or C)
a fest of EMC
a Electronic setup: BM, SC, prototype of MSD, SCN

Q GSI: 12/2019 Data taking with almost complete apparatus (~ first data taking)
Q 2020-21 Data taking with the complete apparatus

Publications

d SCN detector (NIM): in publication Trento Proton
a General Apparatus Parper: in preparation
3 do/dE for light fragments (p, d, T, He) at 4 angles (34°, 52°, 60°. 90°): in preparation

a Data taking at CNAO: C beam from 115-352 MeV/u on H, C, O targets

aQ Setup: SCNs for Tof & charge and CAL (LYSO 8 cm) for Energy

\}v}fs V,(\‘ ) ?/
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AL YS
4 0




Hadrontherapy in the world

Continuous expansion in the last 50 years

160000 -

140000 -

120000 -

No. of Patients Treated

40000 -

20000 -

Facilities in Clinical Operation and
No. of Patients Treated (1955-2014)

W
o

100000 -

80000 -

60000 -+

[V
o

Facility (2014):
Q operative
2 44 proton/7 heavy ion centers
2 Under construction
a 25 proton/4 heavy ion centers

Patients Treated patients (2014):

s Facilities 0 1 2 O O O O

2107000 with p (in USA 54000)
213000 with 12C (in Japan 11000

No. of Facilities in Clinical Operation

Ret.: PTCOG, 2015 From 2010: 10000 patients per year
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Hadrontherapy in Italy

Proton therapy Center -

CATANA Proton Therapy beam

CNAO Pavia
Centro Nazionale Terapia

4 proton beam till 250 MeV

d4 Carbon beam till 400 MeV

J4 Active since 2011

2 Proton beam (till 60 MeV) 2 First 5 years > 828

2 Active since 2002 patients (70-90% success)

2 Eye tumour: 363 patients 2 Till now 1200 patients
(98% survived)

Active since 2015

Proton beam (60-230 MeV)
Full body treatment
Experimental halls

U U U U
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Fragment E (MeV) LET (keV/um)
150 1.0 983
BN 1.0 925
N 2.0 1137
BC 3.0 951
12C 3.8 912
He 4.6 878
10 5.4 643
*Be 6.4 400
°Li 6.8 215
‘He 6.0 77
‘He 4.7 89
‘H 2.5 14

28



A Reconstruction and fit

TOF () - TRACKER (p)  TOF (B)- CALO (Exi)  TRACKER (p) - CALO (Eiin)

P
A1=_= m Ekin
A= — =

m p2 - Evkin2
U  2E,

A3:

» Standard x2 Fit

= [aking into account the correlation between A4, A, and A;

: 2 2 (Cyy Cyy Cpr (A — A
f — 1 i E. . — E.. 00 01 02 1
f . < ( Ofreco ) > n ( (preco p) ) n ( ( kin,reco kzn) ) n (Al _A A2 _A A3 _ A) C1() C11 C12 A2 _A

GtOf O-preco GEkll’l reco
i Cp Gy CpjlAz3—A4

0A, 0A,

- 0A, 0A,

C — (A.AT)—I A = 7617 0 dEk,-ndEkin
0A, 0A,

O 59P 55, @Ekin

= Augmented LagrangianFit (ALM)

~ I — I — { — ) 1 .- I —
L(T:N, pu) = f(T) - E AoCo(T) - > E 2 (7).
Z 1
(1

4




A ALM fit cut chi"2

£ | 16 _2 .‘
Generated A




Number of mass reconstruction: example of 12C
T

m . 2 2
Aj=—= F e Ein m _ p°— Lk, C2H4

A2:_: A = — =
U U(y_l) . U 2Ekin
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™ [ J [ J
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- - (]
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. Xz IZC
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2 t Prab a A 13091 21.0 10° Amrp 1322+ 20.7 50F
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FOOT Performances: Number of mass reconstruction
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Relative Biological Effectiveness (RBI
B quantify the strength of different radiation

types l

High RBE = high effect wrt

RBE depends on radiation

4 LET
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Nuclear interaction

Protons = photons * 1.1

= ue 0 Noclear
b > 200 MeV Interaction l
12C 2> 420 MeV/u
l No Standard Treatment
Most probable nuclear process: Planning for
Fragmentation hadrggtherapy
peripheral interaction between projectile l

(p, 12C,...) and target (H, C, O, ...)

Study of the Target-Projectile

Abrasion-Ablasion model > 2 stages
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AE-Tof test beam
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Test beam and simulation

Emylsion chamber test beam @LNS (p, D, He, C)
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Target Fragmentation cross sections
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Problems with higher energy: example of F 2 Res: ~3%
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