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“» Nuclear fragmentation in proton therapy

< FOOT
 Main goals
 Experimental approaches

« Experimental setups

* Performances: charge and mass identification, isotopes separation

“» Conclusion and future perspectives

The FOOT experiment
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P o = T weep p+C,0  Target fragmentation A

H, C, O (95%)

o (Cellsinactivated by R asiFhsamag @

 Target fragmentation gives higher contribution in

Tommasino and Durante, Cancers (2015)

° . . . g ionization

healthy tissue where beam 1is still energetic (~200MeV) & | « cismctietecty

% recoilfragmeﬁts ‘

L R ey

* Low energy fragments: short range (~tens of nm) o ik

The contribution to biological effects of the fragmentation L ‘\
of target 1s not considered in treatment planning 200 MeV protons |
Depth
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Characterization of the fragments generated in the target
to improve the knowledge of the p -> patient (p -> H,C,0) interaction
at therapeutic energies (200 — 400 MeV/u)
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|Characterization \of the fragments generated in the target
to improve the knowledge of the p -> patient (p -> H,C,0) interaction
at therapeutic energies (200 — 400 MeV/u)

Fragmentation double
differential cross-section
(5% precision)

d%co
dQdE

Particle therapy

Data used to improve the accuracy of the TPS
(Treatment Planning System)
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* Charge ID
e Mass ID

 Fragment momentum

_* Fragment generation angle




Direct kinematics

Tissue
A |4 2 1
N P Proton R Target, fragments:
N 4 . low energy

and short range
P— O
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Direct kinematics

Tissue
(12¢, )

low energy
and short range
— o

Ideal target choice
Hydrogen gas target

Fragmentation cross sections on H can be measured
by subtracting the cross sections of (C,H,), and C
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Torget. fragments:
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and longer range
o o

4
\ | @ | AR Proton Beam fragments:
N 4 ’ . / higher energy

Hydrogenated target (C,H,),
—) &
Graphite target (C)




Calorimeter
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8GO calo
i Micro Str\p

The Z determination is obtained by the mean energy loss of charged particle deposited in
the plastic scintillator (SCN) and by the TOF measurement (Start Counter — SCN)

dE| p-Z Am Nymec? e2 | 22 2m.c? 3> 2
_ | In ) —pB

dx A My dregmec? ) | 52 I+(1—f?
CHARGE
2 C —Z=1
c —_—Z=2
:>: 10* = —Z=3
= —Z=4
— —Z=5
. - —Z=6
 Resolution: 10° = 77
o, (16 o, /1 - 2=
2% (770)—6% ("H) ¢ L
102 Fluka simulation
. Wrong charge - 160 (200 MeV/u) > CH,
, 10
assignment < 1% -
i
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start counter

p.C
L

AE & TOF

- Momentum (magnetic spectrometer)
ToF (scintillator)
' Kinetic energy (calorimeter)

% v
geam Monitor | tex  Inner tracke

Combination of
reconstructed quantities:

A

. p E k pc 2 _ E k2
Byc Uc“(1—vy) 2Uc?E,,
Fluka simulation e womnl o depic el 3 PR RO e
i sgma 0.5307 + 0.0044 - sigma 0.450% + 0.0047 ik sigma —1.157 +0.011
160 (200 MeV/u) - C2H4 10°F Tof-Track 107 Tof-Cal 3 Track-Cal
(Example of 12C) : :
21az053] 11.97 + 0.45 ;
C i 124 +1.2
TSNS TR NNOREN IO Fopn I]IL[" )
4 10 12 14 16 1 A_14 e ,o ETRETS 1618 20 s §4 4 6 8 10 12 14 16 18 20 22A_§4
Best determination of A throught: - Peak position centered around
2 .
 Standard x~ fit the expected values
Augmented Lagrangian Method - Resolution: 4% (*°0) — 6% ( *H)
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Fluka simulation

12¢
160 (200 MeV/u) > C,H,

)

T
(Example of 12C) 3000
11c

‘ 13C
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Resolutions from Test Beam

Ap/p -2 4%

AE, /E... 2 1.0%

Atof - 50 — 100 ps
AAE)/dE > 3-10%



Beam: 10 @ 200 MeV/u & 400 MeV/u
Target: C & C2H4

 Emulsion data taking -> emulsion layers have
been developed and are currently under analysis

* Global data acquisition test beam (no MSD, no
calorimeter, no magnets)

—PRELIMINARY!———— ==

Entries 41186
Mean 135.9
Std Dev 16.03
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- CONCLUSIONS & FUTURE WORK

The FOOT goal is the experimental characterization of target fragment
production cross sections for beams, energy and targets relevant in
hadrontherapy and radioprotection in space

Simulation phase is done. First emulsion setup data taking and first
FOOT global data acquisition test beam performed at GSI in March
2019. Data are still under analysis, but performances as expected

Mass and charge of the fragments well reconstructed in almost all the events

Next test beam with emulsion setup at GSI in February 2020

The FOOT experiment 14
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do/dE,;,(fragment)

in C & C,H, targets (inverse kinematic)
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Fluka simulation
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do/dE (barn)

do/dE (barn)

/

NE

251 § F
F S 90F
r H -#-Ac(C _H,.C w F He -#-A6(C _H,,C
20— 2 S gof- 2
F f#tH + - Ac(H) 3 ok - AG(H)
e T :
b3 $t O+
E A f *,
10 %4-‘“ 40 ?. *
[ 30F- .
[ *,
sf- 20f o,
[ 10F- -
f E Rl
% 002 6:004 0006~ 0.008 0,07 o002 5004 6006~ 0:008 0,01
Kinetic Energy (GeV/u) Kinetic Energy (GeV/u)
10 s
9k E, L
E Be -o-Ac(C_H,.C w B -8-Ac(C_H,.C
E 2 ° 2
°g Ac(H) 5 %F - Ac(H)
, H Ao s
of + 5[
5;- e *
Eo4 10f-
3f +* g
E A *=
2F +.¢. 5 +*
E 9 + *
e Wi - o,
O 5026004 6006 6.008 - 07 % 6002 6004 0006  0.008 001
Kinetic Energy (GeV/u) Kinetic Energy (GeV/u)

-
ry
I

-
~N
I

dao/dE (barn)

-#-Ac(C_H,.C)
-+ Ac(H)

"
o
: ¥,
2F -
r 4
C 1 1
% 0002 0,008 0006 0008 001
Kinetic Energy (GeV/u)
w 2 + C -40(C,H,,0)
3 L -+ AG(H)
201
15 +
101
: *
E e
sE S
- *,
% 0002 0008 0006 0008 007
Kinetic Energy (GeV/u)

The FOOT experiment



KINETIC ENERGY

MOMENTUM ToF & CHARGE

v’ Magnets to separate v ToF and energy release
fragments of different charges measurement

BGO Calo

Halbach magnets Si Micro Strip

Start counter Target |
p,C
o

Beam Monitor
Vertex nner tracker

AE & TOF

v’ Reconstruction of the T ——

energy measurement 3

particles track inside and
25/11/2019 outside the magnetic field




Halbach magnets

Vertex - _inner tracker

Pre-target region

¢+ Plastic scintillator 250 um
v' Counts primaries
v’ Starts ToF measurement
* Beam monitor
s Ar-CO2 drift chamber
s 3 cellsx 12 XY planes
v" Measures primaries position
and direction

25/11/2019

BGO Calo

Si Micro Swrip

AE &\JOF

Magnetic spectrometer

* Vertex

s 4 layers of silicon pixel detectors 50 um

v’ Reconstructs vertex position
* Inner tracker

s 2 layers of silicon pixel detectors 50 um

v’ Tracking in magnetic field
e Microstrip detector

¢ 3 layers of silicon microstrips 150 um

v" Tracking in magnetic field

The FOOT experiment

Calorimeter region

s 2 layers of 3 mm thick plastic
scintillator bars orthogonally
oriented

v" Measures ToF

v' Measures energy release

Calorimeter
% 360 BGO crystals 24 cm long
v' Measures kinetic energy

Magnets
¢ 2 magnets in Hallback

configuration
s Maxfield 0.8 T



BGO Calo

Halbach magnets Si Micro Strip

Start counter Target
p,C
L)

Beam Monitor

Vertex |nner trécker
AE & TOF

Minimum required performances:

* 10° polar angle (optimized for Z > 2 fragments)
 o(TOF) ~ 100ps

* o(p)/p ~ 5%

* o(EK)/Ek ~ 2%

. G(AE)/AE ~ 2%

25/11/2019 17/10/2019 The FOOT experiment



SECTION 1:
Vertexing

(~4cm)

C beam

---------

300 pm *—‘ '—'

Emulsion
film

/Ta rget plates
(C/C2H4)
interleaved with

emulsion films

- J

25/11/2019

I SECTION 2 I SECTION 3

Charge identification
(~1 cm)

(IN

foi iRol | & ' tmm
R1 R1

Momentum measurement
(~4 cm)

I R2 91 Pb layer

Charge identification
for low Z fragments

\(H, He, Li)

Emulsion films only ->

------

e /<3 fragments emitted at large angles
(up to 75° wrt the beam direction)

* The developed emulsions are scanned by
an automated microscope

* Images are analyzed by a dedicated
software to recognize tracks produced by
jonizing particles

J

C 80 MeV
Lead planes interleaved with ‘
emulsion films -> Momentum ©)
measurement and isotopic ID O
\ %
The FOOT experiment 5



o 7>2 fragments inside 4°

Pre-Target
Region

« Same acceptance as @ 200 MeV/u

 Fragments with larger energy

* higher probability to fragment p
in the calorimeter —
* larger neutrons production

Tracking system Identification Region

100~

Events
|
N
N
Events

10°

—Z-6 80__

102 , ) I
Fluka simulation 60—

160 (700 MeV/u) > CoH,

10

—|l|I| I I||II||| I |II||II| I I|IIIII| T TTTI

[ITRIY I B
0 1

« Resolution: 2.1% (*°0) — 8% ( *H)
* Wrong charge assignment < 1% The FOOT experiment
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TOF (B) — TRACKER (p) TOF (B)- CALO (E,;,) TRACKER (p) - 2CALo (Ezki,,)
A1=T=L Azzﬂzk_in A _m_p — Exin
U UBy U Uly-1) ST U 2Ewn

= Standard x? Fit

* Taking into account the correlation between A;, A, and A; (reconstructed quantities)
* Minimization method based on a function f defined by:

2 2 2 Coo Cor C A —A
t —t — E,. —E,; oo to1 Loz 1
f — <( OO_]Z;;O )) + <(preco p)) + <( kin,reco km)) + (Al —A A,—A A3 _ A) <C10 Cyy C12> <A2 _ A)
reco

o oEy;
preco kin,reco CZO C21 CZZ A3 - A

- -':- _—
— <

d0A4 it aAld 0 \
Jt ap
— (4. AT)-1 i i a=|%%2, 42 4.
C=(4-A") Correlation matrix —) t 0 kin
dat 0Eyin
0p  OEgm "
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T;)F (ﬁ)— CALO (Ekin _ TRACKER (p - CLO (Ekin)—

TOF (B) — TRACKER (p)
A =B=L A =T=i m pz_Ekin2
U UBy TU UG -D A= U T 2k

= Augmented LagrangianFit (ALM)
* The method minimizes a Lagrangian function L expressed by:

LT\, p) = F(F) = ) Aaca(@) + 1 Y (E).

20

a

* fis the analog of ¥ fit

f _ ((toﬁ‘eco - t))z + ((preco - p)>2 + <(Ekin,reco - Ekin)>2

Ot0freco OPreco 0Eyinreco

* Summations run over A;, A, and A; with the relation

> Nata(@ + i D @) = (A (dy = A) + oAy — A) + 25 (A; — A) + i Ay — A2+ (4 — A+ (4s — AYD)?

a

A = variable Lagrangian multiplier parameters
I = penalty term fixed at 0.1 -> the lower is 1 the greater is the effect of A;, A, and A; (reconstructed quantities),

25/11/2019 The FOOT experiment 28
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5 oL . ¢ ‘ ¢ ° * e —— Tof +Tracker
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90—
B . @
= @
— a
80— | ° P
B |
@
70— |
N B . Efficiency
- P A1 Reconstructed
60 — < A2 Reconstructed
— « A3 Reconstructed
- o A Standard fit
— @ A ALM fit |
50 N ® A Standard fit cut chi®2
- © A ALM fit cut chi"2
40—11llllllllllllllllllllllllllllllll
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Reconstruction efficiency ~ 70-80 % depending on the fragment

The FOOT experiment !9
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lon Therapy
 Both projectile and target nuclei fragmentation
* Same velocity but lower mass wrt primary particles: long range
« Mixed particle field of different cell killing effectiveness: considered in 12C treatment,
but still scarce validation data

Arbitrary units
(4]

secondaryfragments = __~—~§ =

L l L | - l - L

Il 'l L L L 1 l L 1 1 L l L L L
0 50 100 150 200 250
Depth [mm)]
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Nproa/Nprim ¢ [1/s1]
e
=
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r ................ 'C'on'C.

....................

................................................................................................

20 30 40 X0 60 70

- [lontype
© o [==2=0(n)

L 2=1H)

—2=2(He)

§ 2=3 (Li)
©200MeV/n |-z

=z

80

g

angle [degree)

 Heavy (Z>2) fragments produced at small
angle (<10°)

* Light fragments produced in a broader
angle

The FOOT experiment gl



200 MeV/u p on Oxygen

Fragment E (MeV) LET (keV/pm) Range (pm)
°0 1.0 983 3
BN 1.0 925 23

3
V)
O
E N 2.0 1137 3.6
Estimation of the energy and range c | C 3.0 951 5.4
of target fragments obtained with an E | % 3.8 912 6.2
analytical model g | 'C 46 878
|
x 54 643
o \'Be 6.4 400
< \u 6.8 215
‘He 6.0 17
*He 4.7 89
’H 2.5 14
Tommasino and Durante, Cancers (2015) %o,
25/11/2019 The FOOT experiment : 2



by damaging their DNA and thus invalidating their duplicating capability

0% of all cap

Cer patients

Radiotherapy employs different kinds of radiation to destroy cancer cells, L! . Radiotherapy COncerq
T -

. EXTRA DOSE Spatial selectivity
"\_\photons ﬂ * higher conformity of dose to the @

target volume (Bragg Peak)
* smaller lateral scattering

Biological effectiveness

* greater biological effectiveness | @*
Depth (increases with the charge) N\

* Sensitive to target motion

25/11/2019
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Better sparing
of normal
tissues

Radioresistant
tumors



RELATIVE BIOLOGICAL EFFECTIVENESS (RBE)

* Quantify the strength of

different radiation types

Sameeffect | « High RBE = high effect

proton

100 -

80

60 |

40

20 p

Relative dose %

RBE~1.1 - 1.3

0
0

1
5

: 4
i
; -
L K
‘R 1
e TR i

10 15 20 25

30

25/11/2019

Depth cm

proton RBE=1.1

The FOOT experiment

wrt radiation

RBE depends on
. LET

Dose
Depth in the body
Beam energy
Vivo/vitro
Tissue type ...
Nuclear interaction

not considered
34



Hadrontherapy energies:
p -2 200 MeV
12C - 400 MeV/u

Most probable nuclear process: fragmentation ->peripheral
interaction between projectile (p, 12C,...) and target (H, C, O, ...)

; i 11 No Standard Treat . Study of the
rotons # P otons ) ——) 0 Standar reatmen —) Target-Projectile

due to Nuclear interaction Planning for hadrontherapy fragmentation

rojectile fragment
proj 9 Evaporated nuclei

projectiie fireball & .
A
8% » _e =, G %
target . tar;et I — P e and clusters
ABRASION PHASE ABL_ATION PHASE |
Creation of prefragments : lower mass Evaporation process: isotropic

A
=

but same velocity of the primary beam distribution of particles

25/11/2019 The FOOT experiment ‘\ 5
&



Shooting a proton on a patient (i.e., at 98% a C, O, H nucleus) could not be the right choice.
A possible work around is to shoot a patient (i.e., 0, C beam) on a target made of protons
and measure the fragments

Direct kinematics Inverse kinematics

Tissue Tissue
12 18 2C, 160 .
Proton G50 Target fragments: ¢ ) Proton Beam fragments:
. " =l low energy . higher energy
T— ———

o and short range O and longer range

proton on patient patient on proton

C H By applying the Lorentz
transformation it is possible to
switch from the laboratory frame
to the patient frame

25/11/2019 The FOOT experiment
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