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Particle Therapy

* Particle Therapy (PT) uses proton or heavy

S < lons beams to treat deep-seated solid
2 «<— Bragg Peak S
g 2 tumors.
{ g5
58 * Advantages wrt conventional radiotherapy:
Sz
iy 1. Maximum dose released inside the
: 55 tumor: Bragg Peak
;12C Tumor i g%
T R Ty e T A 2. ngh RBE RBE = )4
Depth (mm) \7 Dpart
* Disadvantages: fragmentation of projectile and target nuclei
Projectile fragments: Target fragments:
lower Z and higher range ( Btrag ~ Boeam ) Low kinetic energy and low range
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Fragments angular and energetic distributions
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G.Battistoni et al.,

Front. Phys. 8:568242. doi: 10.3389/fphy.2020.568242

« /Z>2 fragments ~ same
velocity of the 1°0
ions. Emitted in
forward direction

* Protons & neutrons
are the most abundant
fragments: wide
kinetic energy and
angular distributions

Projectile fragments:
lower Z and higher range ( Brag

6AGMENTATION TAIL

~ Boeam )

Target fragments:
Low kinetic energy and low range

LOCAL RELE@
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Target fragmentation contribution

® Cell inactivated by
ionization

[

Can be of interest in proton-therapy:

p—l—x—)p—l—in
1

:
® Generation of recoil |
fragment f

Relative Dose

118

T, << T,

Target
fragments have
dFE dE ‘-a
| (—) >> (—) high RBE values
\1x1mm2 d.’L‘ €T dx p

- Entrance channel: = 3% cell killing, = 0.25% cells undergoing nuclear inelastic interactions
- Bragg Peak: = 40% cell killing, = 1% cells undergoing nuclear inelastic interactions

Cancers 2015, 7, 353-381; doi:10.3390/cancers7010353

il
Tommasino Durante.

In clinical practice protons RBE = 1.1

Depth

» The particles produced in target fragmentation, expecially the heavier
fragments, are one of the causes contributing to the increase of proton RBE
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Target fragmentation contribution

® Cell inactivated by

[P

® N 7t _
2 ionization % . Expected average physical parameters for target fragments
o . . - produced in water by a 180 MeV proton beam
o @ Generation of recoil =
-‘% fragment 2 Fragment E (MeV) LET (keV/pm)  /Range (um)\
T . 3 5O 1.0 983 2.3
o - ] g 1S 5 ~
. o N 1.0 925 2.5
. . o 14 a
K i . A N 2.0 1137 3.6
- . on o
b ‘ S c 3.0 951 5.4
1/8 L g e 38 912 6.2
\ = R g e 46 R78 7.0
= = o 1°B 5.4 643 9.9
b " g v 3
‘g el Be 6.4 400 15.7
= >~ .
I\ 1x1mm? 5 o Li 0.8 215 26.7
= 2] *He 6.0 77 485
- Entrance channel: = 3% cell killing, = 0.25% cells undergoing nuclear inelastic interactions § % 1[ le 4.7 89 38.8
- Bragg Peak: = 40% cell killing, = 1% cells undergoing nuclear inelastic interactions =) g .1] 1 74 14 68.9
g 2.5 .
e

Depth

GoodHead D.T.. Radiation protection dosimetrv. 122. 20

» The particles produced in target fragmentation, expecially the heavier
fragments, are one of the causes contributing to the increase of proton RBE
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Fragmentation consequences

- Fragmentation processes modify the
delivered dose map

« This effect strongly depends on the

: mass and the energy of the ion beam
== s ~+ocoNi) /4 U N W I and on the target involved in the
- secondary fragments e - I — interaction

Arbitrary units

------
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Fragmentation consequences

- Fragmentation processes modify the
delivered dose map

: | gl o e This effect strongly depends on the

R — — o 2 mass and the energy of the ion beam
——emad nanss~>+eronil] V4 5 NN NN - and on the target involved in the
;sgqgnéarx.f.ragmen.t.s ..... L e o~ .................. interaction
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 Treatment plans for PT are not yet able to include the fragmentation
contribution with the accuracy (3%) required for radiotherapy

» This is due to the lack of experimental data, and in particular of
fragmentation Cross section
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FragmentatiOn Of Target (FOOT) experiment

Measurements of target and projectile fragmentation cross section relevant for
PT and for Radio Protection in Space applications.

v

TPS in Particle Therapy

Angelica De Gregorio

Projectile fragmentation of
“He, 12C, 0 beams in the
energy range 100+500
MeV/u interaction with the
main constituents of
human body (H, C, O, Ca)
2C and 160 target
fragmentation induced by
50+250 MeV proton
beams
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FragmentatiOn Of Target (FOOT) experiment

Measurements of target and projectile fragmentation cross section relevant for
f PT and for Radio Protection in Space applications.

TPS in Particle Therapy Radioprotection in space

1400 .

* Projectile fragmentation of | Conbutons | 2t Same PT ions
*He, 12C, 1°0O beams in the 5 ..} (plus fons up to
energy range 100+500 2 s\, 56Fe) interacting
MeV/u interaction with the | . with hydrogen-
main constituents of § “ . rich targets, of
human body (H, C, O, Ca) =2 o interest for

« 12C and 60 target N BB shieldings, at
fragmentation induced by 0 'I‘Ln.f:ﬂnuff’smf&m?lilmf;"s’.yf,’_,(jc)m%;" ™ the increased
50+250 MeV proton S 6 Bl A4 Sl 1, S 86 Gl Vo s @N€rgy range of
beams Space Res, (2017) 12: 1-15. dok10.1016/)Lsr2016.12005 100+-800 MeV/u
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Strategy for target fragmentation measurement

Target fragments have a very low energy and so a very low range that make the detection

really difficult. By applying a Lorentz
boost it is possible to

switch from the laboratory
Tarlget fragments: frame to the “patient
ow energy frame”

o ond short range

Tissue
(12C, 160)
Proton

Direct kinematic o . @ -
—

Needed high resolution in
quantities entering in
Lorentz Boost (p, E, ToF, 6)

(i2C. 160) Broton @ Bearn fragments: for indirect kinematic
I I higher ener
Inverse kinematic @ ) / andglonger m%%e approach for proton beams

—_ @ induced target
fragmentation

Tissue

With this strategy the fragmentation of tissue-like ion beams (mainly C and O) impinging on a
hydrogen enriched target are studied moving from the challenging measurement of target
fragmentation to the easier case of projectile fragmentation
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FOOT physics program

Physics (%) Application field Beam Target Upper Energy Kinematic Interaction
(MeV/nucleon) approach process

Target fragmentation PT 2C C,CoHa 200 inverse p+C

Target fragmentation PT %0 C,CoHa 200 inverse p+C

Beam fragmentation PT “He C, Cy,H4, PMMA 250 direct a+0 a+H, a+O

Beam fragmentation PT 2c C, CoHa4, PMMA 400 direct C+C, C+H, C+0O

Beam fragmentation PT e C, CoHs, PMMA 500 direct 0+C, O+H, 0+0

Beam fragmentation Space “He C, CoHs, PMMA 800 direct a+C, a+H, a+O

Beam fragmentation Space 2C C, CoH4, PMMA 800 direct C+C, C+H, C+O

Beam fragmentation Space %0 C, CoH4, PMMA 800 direct 0+C, O+H, 0+0O

Cross section of H and O targets will be got by subtraction from cross section on C target and composite
targets:

* polyethylene (CoH,)

» polymethyl methacrylate (PMMA, C50,H5g)

(*) Extension of the FOOT experiment to measure neutrons
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Strategy for fragmentation measurement

BGO Calorimeter

Permanent magnets

AE & TOF
Scintillator Bars

\

Si microStrips

/
1

Start Counter

Silicon Pixel

Vertex Detector  Silicon Pixel

Inner Tracker

dN/de

dN/dE,, [MeV/n]

L FLUKA MC
10°Fse, %0 (200 MeV/n) - CH, 4

zwC T
oo oxom
cogzx .

100 2 T
Eorie ]
10° =
10t
.
e Forme - 5
3 M it
10! H . t N th
0 10 20 30 40 50
108 — —
F FLUKA MC a -;e
10°5 %0 (200 MeV/n) - C,H, ,B' .Ce 4
[ Nl
10%:
10°L
107 b =
. .,
105 Y "3
IRV 3
. L h -
'm"\.-w“.*w MYV,
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E,, [MeVin]

mass) identification of fragments

 Fixed target experiments with magnetic spectrometer for the isotopic (charge and

» Thin beam detectors to minimize fragmentation out-of-targets

* Redundance in mass measurement from (p,ToF), (Exin, TOF) and (Exin,p):

p = mcfy Egn =mc* (y—1)

Eun = \/pzc2 + m2ct — mc

Radiobiological desiderata in PT:
v' do/dE for target fragm. in PT ~
10%
v d?0/dQdE for projectile fragm. in
PT ~ 5%
v AZ~2-3%; AA~5%

Required FOOT performances:
v o(p)/p < 5%
v 0(Exin)/Exin < 3%
v o(AE)/ AE < 5%
v o(TOF) < 100 ps

Angelica De Gregorio
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FOOT detector

0 BGO Calorimeter The FOOT detector is a
ermanent magnets AE & TOF
} Scintillator Bars movable set-up to fit the
I _— experimental rooms
1 . . .
L M S . dimensions of different
eam Monito i microStrips
! PT treatment centers /
3 ; experimental facility
S (CNAO, HIT, GSI) with
1 .
v ions beams.
|
: Start Counter ‘
| .. « g .
' Limited acquisition time
Silicon Pixel :
Vertex Detector _ Silicon Pixel a“nd available space
Inner Tracker (“table top experiment”)
€ e e e e e e e e e e mm e e e mm mm mm e e mm e mm mm e e e = = ->
~2-3m

Angelica De Gregorio XIll International conference on new Frontiers in Physics _ E




FOOT detector

Permanent magnets

Silicon Pixel

Vertex Detector Silicon Pixel
Inner Tracker

Scintillator Bars movable set-up to fit the
Target experimental roqms

Beam Monito Si m|croStr|ps dimensions of different
PT treatment centers /
experimental facility
(CNAO, HIT, GSI) with
ions beams.

Start Counter ‘

BGo Calorimeter The FOOT detector is a
AE & TOF

Limited acquisition time
and available space
(“table top experiment”)

Pre-target region

measurement

 Very thin plastic scintillator (250 um ) for TOF measurement and trigger
« Dirift chamber (12 xy wire layers) for the beam direction and position

Angelica De Gregorio
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FOOT detector

BGO Calorimeter

The FOOT detector is a
movable set-up to fit the
experimental rooms
dimensions of different
PT treatment centers /
experimental facility
(CNAO, HIT, GSI) with

Hagnetic Hap
15 T T T U T 1.6

1.4

1.2

Permanent magnets AE & TOF
Scintillator Bars
Target
Beam Momto Si mlcroStrlps
Start Counter g
Silicon Pixel 5
Vertex Detector Silicon Pixel .
Inner Tracker
Tracking and magnetic « Permanent magnet in Halbach configuration Byax~ 1.4 T o |
region * MAPS (M-28) and micro strip silicon detector (MSD) for
tracking and momenum reconstruction

-15 1 1 1 | 1 P

8.2

-18 e 180 20 30 40

z[cm]

Angelica De Gregorio XIll International conference on new Frontiers in Physics _ E




FOOT detector

Permanent magnets

Target

Beam Monito

l

Si microStrips

/

\

Start Counter

Silicon Pixel

Vertex Detector Silicon Pixel

Inner Tracker

BGO Calorimeter
AE & TOF 1

Scintillator Bars

» Two layers xy of plastic scintillator bars for Z
identification through dE/dx and TOF

* BGO calorimeter for the E,;, measurement

The FOOT detector is a
movable set-up to fit the
experimental rooms
dimensions of different
PT treatment centers /
experimental facility
(CNAO, HIT, GSI) with
ions beams.

\d

Limited acquisition time
and available space
(“table top experiment”)

Mass and charge
identification region

Angelica De Gregorio

Xll International conference on new Frontiers in Physics




FOOT ... “a table top experiment”, “a movable setup”

Angelica De Gregorio

FOOT set up at GSI
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FOOT ... “a table top experiment”, “a movable setup”

FOOT set up at HIT
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FOOT ... “a table top experiment”, “a movable setup”

FOOT set up at HIT
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FOOT ... “a table top experiment”, “a movable setup”

FOOT set up at GSI _ FOOT set up at HIT

i \
4 |FOO up at CNAO} ™
/ A

o, §

=

— -
Bl TW and Calo readou -
StarTech, -
%/ S3S Z;F; gD =
v/ .

//
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FOOT performances and status

-3
z 5010
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St = s FOOT performances:
0=26 +0.0 um g : . 0
Taill=9.1x01% = - v O(Ekin)/Ekin <3%
10k @ 150 E
é i b v o(AE)/ AE ~ 4-5%
I: L

10°E

100

T
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v o(TOF) > 50 ps
v o(p)/p < 5%

V 1+A, 22
(Z°/p%) = A, Z;TZB

QQQQQ‘

R B
100 200

. : 2
o Residus (crr%m B2
160 A
" - |Petectors status:
20 | * The setup is almost completed (No
100 | 0400 5mm C magnets yet)
“ | Fragtrigger (=1 [o Different detectors already
oF: ' o characterized: TOF system, Drift
© o chamber, Vertex
” _ » Characterization of trackers (IT and
Sl MSD) and calorimeter ongoing

1

10.5 11
Time-Of-Flight [ns]
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Fragmentation of 10 beam [400 MeV/u] on C target

BGO Calorimeter

I AE&TOF
| Scintillator Bars

|
|
Si icroStripsI
v I

PF anent magnets

rN O\

Target |

w
-
o
=
-
(o]
o
c
=1
-
o
-
— e e e o = .

Verfex Dftector Silicon Pixel
Inner Tracker

racking system + . = 1 /)
————————— agnets + calo missing - . -"' SN2l =7
GSI data-takin - , p— '

160 at 400 MeV/u on graphite target at GSI cave A: partial FOOT setup

Only SC, BM, and TW detector (scintillating bars)
AE-TOF system for nuclear charge identification

[Limited acquisition time
and available space (“table
Definition of a trigger strategy as alternative to Minimum Bias trigger top experiment”)]
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Fragmentation of 10 beam [400 MeV/u] on C target

;‘ N
= =
w
<
10
;
5 6 7 8
TOF [ns] Reconstructed Z
> E
: 0 Fragments charge
5 o = identifications with
§ [He
& f the AE-ToF system
10? E —
E Element O frag + Agtar = Asys [mbarn] Astat/afra.g As‘g,{.ﬁ;/o'f'rag oymc¢ [mbarn]
H Elemental He 789 £ 35 £ 67 44 7; 8.5 g; 705 £2
: Li 101 £ 134+ 10 12.5% 104 % 749 + 0.6
10 =
: fragmentation cross o Be 33+9+3 26 % 103% | 375+04
O section for 1<Z<8 B 78+ 11+6 14 % 8.5% 418 £ 0.4
r C 1314+ 14+4 11% 2.8 % 87.7+ 0.6
1# N 117+14+6 12% 48 % 1103+ 0.7
0 - 40 ‘50| 60

70‘ 80
Eloss (MeV) Toppi M. et al, Front. Phys. 10:979229. doi: 10.3389/fphy.2022.979229
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Conclusions

« The FOOT experiment is designed for the measurement of the fragmentation differential
cross sections of interest in Particle Therapy and radio protection in space with an accuracy
better than 10%

» The final set up is almost completed (Inner Tracker (IT) + Calo still in development, Magnet
not present yet). Characterization of trackers (IT and MSD) and calorimeter ongoing

« Data takings performed at GSI, HIT and CNAO with an increasing set-up provided many data
for study FOOT performances/calibration and improve our detector knowledge (trigger, rate
capability, DAQ, on-line monitoring and reconstruction) and beam characteristics (CNAO)

« Some data available for physics (some for Z and some also for mass identification) for “He
2C and %0 beam at different energies impinging on C and C,H,

 First elemental fragmentation cross section measurement of a 10 beam at 400 MeV/u with a
partial setup, integrated in the detector acceptance

» Huge effort of the collaboration in continuos data taking activity, now it’s time for analysis...
« At the end of the 2023 the first data taking with magnet is expected at CNAO
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Spare Slides



Particle Therapy

w ~
T T

relative dose

N

;o e

18 MV photons

254 MeV/u carbon ions

300 MeV/u carbon ions|

135 MeV protons
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depth in water [cml

0 2
oot B
80

relative dose

particle energy
—

Improve TPS for PT through Monitoring in PT

fragmentation measurements

Angelica De Gregorio

2 . 6 8
penetration depth [cm]
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Fragmentation Impact on Particle Therapy

Projectile-fragment p,d,t, a,
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Fragmentation consequences

@ ® -

- ST

% |0 £ - Fragmentation processes modify the
Sl L § delivered dose map

S L =2 1S+ This effect strongly depends on the
T + : mass and the energy of the ion beam
A ol g and on the target involved in the
O S interaction

% e P 3

 Treatment plans for PT are not yet able to include the fragmentation
contribution with the accuracy (3%) required for radiotherapy

» This is due to the lack of experimental data, and in particular of
fragmentation Cross section

Angelica De Gregorio
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Strategy for fragmentation measurement

10%:+ e ey o

Emulsion film
300 pm

Polyethylene
1000 pm

C (CsHaq) layer
1000 (2000) pm

beam

Charge

. identification
Vertexing

Tungsten
500 pm

= I
§ k FLUKA MC eH =He
Tungsten TA0°E Co@oomevm) cH, f o° 3
900 pm 1., N .0
104 " |
T tevonean, ]
b .
10
e
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E $
101 H‘ L. f RPN
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v 0% AREEmEm T
£ F FLUKA MC H =He
% 10k %0 (200 MeV/n) - C,H, 'é .29 i
= N .0
w10t
Tz
2
© 103
.__'
107 b E
M .A LY ..l .
Momentum measurement 10 Al A % 3
and isotope identification A R T,
b 50 100 150 200 250 300 350 400
E,, IMeVin]

Radiobiological desiderata in PT:
v do/dE for target fragm. in PT ~
10%
v d20/dQdE for projectile fragm. in
PT ~ 5%
v AZ~2-3%; AA~5%

Emulsion spectrometer with high angular acceptance (<70°) optimized for fragments with Z<3:
» Vertexing region: emulsion films alternated with target layers to identify the interaction vertices
» Charge id. region: only emulsion films exploited for the charge id. with a refreshing procedure

« Absorbing region: emulsion and absorber layers for the momentum and mass id., exploiting the track length and
the Multiple Coulomb Scattering effect

Angelica De Gregorio
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Data acquisition at GSI

with a partial FOOT

beam of 0 at 400 MeV/u
meant for calibration

* Preliminary data taking @ GSI

experimental set-up composed
of Start Counter, Beam Monitor
and Tof-Wall detector with a

Run Type Target Events
2210 calibration no 20463
2211 calibration no 62782
2212  calibration no 116349
2242 calibration no 202728
2239 physics C 20821
2240 physics C 20004
2241 physics C 20041
2251 physics C 6863

Angelica De Gregorio

Beam Monitor

SC

target

MeV/u)+C

 Very few statistics (~67k events) collected for physics runs
with fragmentation of the O beam of 400 MeV/uon a C

* Preliminary charge-changing cross sections integrated over
the angular TW acceptance for the process 60 (400

Xll International conference on new Frontiers in Physics
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Start Counter and Beam monitor

« The Start Counter (SC) is a thin plastic
scintillator layer (EJ-228 — [250 pm, 1Tmm]
thick) placed about 30 cm before the target
with an active surface of 5 x 5 cm?

« Coupled to 48 SiPM (8 channel readout)

« Layout optimized to maximize the light
collection, minimizing the out of target
fragmentation probability

It provides:
« The Beam Monitor (BM) is a drift chamber consisting 1. The start of the TOF masurements
of twelve wire layers, with three drift cells per layer 2. The trigger signal
« Planes with wires oriented along the x and y axes 3. The measurement of the incoming ion flux
are alternated allowing the beam profile
reconstruction in both views « The BM detector will be placed between the
« The cell shape is rectangular (16 mm x 10 mm) SC and the target and will be used to
« The BM operates at =~ 0.9 bar with a 80/20% gas measure the direction and impinging point of
mixture of Ar/CO2 the beam ions on the target
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Tof-Wall detector: charge ID of the fragments

Y (cm) 4
20

TW provides:

1. Deposited energy AE
2. Time of flight TOF (using the t, provides by ST)
0 3. Hit positions

Beam

Fragment charge
Z identification
performed using
a Bethe-Bloch
parametrization
as a function of
TOF for each Z

X (cm)

T T T T T
-20 -10 0 10 20

 The Tof-Wall detector (TW) is composed of
two layers of 20 scintillator bars (0.3 cm
thick, 2 cm wide, 44 cm long) arranged
orthogonally with a 40 x 40 cm?active area

« Each of two edges of the TW bars is coupled
to 4 SiPM with a 3 x 3 cm? active area and 25
um microcell pitch.
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Cross section measurement strategy

10 beam @ 400 MeV/nucleon on a 5 mm Carbon TG Run Type Target Events
2210 calibration no 20463
Eraz A0 o N 7 2211 calibration no 62782
0(Z) = / / (W> dOdEy;, = - f}'i"]g( ) - 92212 calibration no 116349
Emin /0 kin prim - Nr: - €(Z) 2242  calibration no 202728
2239 physics C 20821
2240 physics C 20004
_ 3 .
cdr - N p=183g/cm 2241 physics C 20041
Nrg = & P = { dx = 0.5 cm 2251 physics C 6863
A =12.0107

1. Align FOOT detector at GSI and select angular acceptance
for cross section integration;

2. Compute MC efficiencies for each fragment;

3. Estimate fragmentation out of target for background subtraction;

4. Extract the fragments yields from Z identification TW algorithms;

5. Systematics study.

Angelica De Gregorio

Very low statistics and no
detectors for mass
identification = cross
section integrated in
angular and kinetic
energy interval is feasible
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MC studies: efficiencies and background rejection

Developed a detailed FLUKA simulation with the geometry of the set-up used at GSI data taking

€(Z) =

N D
N(Z)prod \S

Element Efficiency(%)

Numerator: asking for a reconstructed and Z identified
fragment with TW matched to primary fragments with
origin in target with production angle < 5.7° and

Eyin, production in the range [100, 800] MeV/u

Denominator: asking for primary fragments produced
in target with an angle < 5.7° and Ej;,, production in the
range [100, 800] MeV/u

ZOWWw oo
D @)

91.92 £+ 0.05
85.38 £+ 0.20
88.32 £+ 0.26
88.75 £ 0.24
91.13 £ 0.15
95.88 £+ 0.09

1000

800

600

400

200

|II|]||]|\\|I[I|III|II
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o

.

VTX

M C : M C Total

Fragments from target
10°

Fragments out-of-target

|
|
1025— v
28 W%M "
B I\ ‘ . ﬂ""ﬂl !
" e
a g
50 60
EIoss [MeV]

Out of target
primary
fragmentation is a
not negligible
background to be
subtracted (~30%
of the signal from
MC studies). Most
of it coming from air
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Data: fragment yields and background subtraction

= 80 10°
Qo -
=, 70
LLl C
< 60
- 10
50(
a0F
oL 1
o0k
100
8510 105 11 115 a2 10"
TOF [ns]
o(Z) = 1 [NTG(Z) B NnoTG(Z)]
Nra-dZ) " NpaT | Nhge
o p =183 g/em?
Nra = p-dr-Na { dx = 0.5 cm
A A =12.0107

yields

- SIGNAL (run with TG) \ DATA
B BACKGROUND (run without TG)
10° B
= 3 aﬂ
— | 5 6\\“
\
102 Q

— ”””l',
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IIII]I
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Illl[ll'

I
|
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10 20

30

40 50

60 70 80 90 100

Eloss [MeV]
Element Yieldsy, Yieldssigna
Nprim 31660 61516 The count of the
He 484 + 22 1087 + 33 primary ions of the
Li 89+9 152+ 12 beam interacting with
Be = s the target is provided
B 88+9 136+ 12 9 P
C 156 + 13 231 + 16 by the Start Counter
N 207 + 14 248 + 16
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Nuclear Emulsion Detector

Emulsion Cloud Chamber (ECC) detector to measure the fragments with Z<3

@ 1 ©% and 6<70°

Proton track

Carbon ion tracks Nuclear emulsion films:

2 . Same technology of the OPERA exp. Emulsions
- 200
180

VR

. Charged particles ionize the medium leaving a latent image of the

160 track (dE/dx « track volume)

140
120

. Refreshing: keep emulsions at different temperature and humidity
conditions to progressively erase the less ionizing tracks and to
perform the charge identification

100
80
60

40

20 4He

IIIIIII|I\I\IIII\II|III|III|III|III|III

. General workflow: exposure, refreshing, microscope scan, track

o b b s by e b b by
60 80 100 120 140 160 180 oMo reconstruction, data analysis

0

n
of
o_
a
o

M.C. Montesi et al. lon charge separation with new generation of nuclear emulsion films. Open Physics, 17(1):233-240, 2019.
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Emulsion Spectrometer data taking

160 @ 200 MeV/u on C,H, targets:

Fragments angular
distributions:

Angular differential
cross section:

Angelica De Gregorio

counts

1000
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Preliminary
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| IR Pk sy S Y

L
0.6 0.8

1
tan 6 (rad)
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Concluded campaigns:
. Characterization with P, *He and 12C at 80 Mev/u

M.C. Montesi et al. lon charge separation with new generation of nuclear emulsion films. Open Physics, 17(1):233-240, 2019.

. 10 @200 -400 MeV/u and *C @ 700 MeV/u
onCand C,H, targets (data analysis ongoing)

G. Galati et al. Charge identification of fragments with the emulsion spectrometer of the foot experiment. Open Physics,
19(1):383-394, 2021.

Next measurements:
12C @ 200 and 400 MeV/u on C and C,H,, targets
at CNAO in 2023

. Study of a novel kind of emulsions to measure the target
fragmentation process with direct kinematics
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Mechanical checks

* Total weight: 74 kg
* Repulsion forces between M1 and M2: 2.2-2.4 kN

* Mechanics checked with 4-6 kN repulsive forces

0.1 mm max displacement 0.06 mm max displacement
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Survival fraction

An estimation of the RBE is based on the Survival curves. To compare
the different biological effects for different radiations, the cell survival
curves show the relationship between the fraction of cells preserving their
reproductive integrity and the absorbed dose. The ratio between survivor
cells and seed cells defines the Survival Fraction (SF).

SF=exp (-a D-B D?)

Photons
- - = Heavyions

RBE, =21

- Dion \ Ny D
; RBE = —1 liso
D’ion

Survival

N
0.01 4 - RBE,=1.5




RBE vs LET

RBE vs. LET for accelerated ions - calculated for cell survival fraction of 0.1

* The RBE increases with 5.0 A e S e e e
LET up to an ion- 45 = proim ) g
H - Belli et al., 1994 s -
dependent maximum ol o A A
§ Folkard et al., 1996 'Y '
value, then decreases for ss [ o wpuices i desres, o :
higher LET values. | Derendes, 1908 /o ]
sl e A 1 .
* Indeed, at a certain LET TF o ik ol !
value, a single-particle 4 251  Skamgardetal, 1967 '//./ A -
traversal is sufficientto % ,oL q,/ /‘ A i
reduce cell survival - AW \ )
probability, making : ’./,}'/_"./* : b
. 1.0 -~ o
further ionisations y i PR e N\”
unnecessary 05 - L
0.0 i AT e | i L 4 23341l i raaaaaal A & 4
1 100 1000
LET (keV/um)

* Moreover, the RBE decreases due to the lower hitting probability, since the ¢

number of ions required for the same dose deposition is lower for particles with a )
higher LET



SPREAD OUT BRAGG PEAK
(SOBP)

T 1 e el T T

- Modulating the beam Size of the tumor region
energy and deflecting the < >

™ beam a uniform dose can eey

be delivered to the whole
tumor volume (Spread-
out Bragg Peak)
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Beam Delivery System in PT

Active Scanning

Fast scanning magnets Beam
Monitor Target volume

l Plowcr supplies ]

Therapy Control System [~

Troatment plan intensity + position
t : feedback

Synchrotron
Control System
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