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Abstract. Charged Particle Therapy (CPT) is a powerful radiotherapy technique for the treatment of deep-seated
tumours characterized by a large dose released in the Bragg peak area (corresponding to the tumour region) and a
small dose delivered to the surrounding healthy tissues. The precise measurement of the fragments produced in the
nuclear interactions of charged particle beams with patient tissues is a crucial task to improve the clinical treatment
plans. The FOOT (FragmentatiOn Of Target) experiment is an international project, funded by the Istituto Nazionale di
Fisica Nucleare (INFN), aimed to study the dose released by the tissues and particle beams fragmentation. The target
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(160, 12C) fragmentation induced by 150-400 MeV/n proton beams will be studied via the inverse kinematic approach,
where 10 and 2C therapeutic beams collide on graphite and hydrocarbon target to provide the cross section on
Hydrogen. A table-top detector is being developed and it includes a drift chamber as a beam monitor upstream of the
target to measure the beam direction, a magnetic spectrometer based on silicon pixel and strip detectors, a scintillating
crystal calorimeter able to stop the heavier produced fragments, and a AE detector, with TOF capability, for the particle
identification. A setup based on the concept of the “Emulsion Cloud Chamber”, coupled with the interaction region of the
electronic FOOT setup, will complement the physics program by measuring lighter charged fragments to extend the
angular acceptance up to about 70 degrees. In this work, the experimental design and the requirements of the FOOT
experiment will be discussed and preliminary results on the emulsion spectrometer tests will be presented.
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1. INTRODUCTION

The Charged Particle Therapy (CPT) is a clinical
practice that has been expanding to the treatment of
deep-seated solid tumours [1]. It is essentially based on
the use of protons or carbon ions whose depth-dose
profile is characterized by a low amount of the released
dose in the entrance channel and by a maximum of the
dose deposited in a narrow region, the Bragg Peak (BP),
overlapping the cancer volume. This physical behaviour
of the dose deposition is essential for sparing healthy
tissues but the secondary fragments produced by the
nuclear interactions occurring between the ion beam
and the patient tissue can release their energy outside
the dose profile defined by the beam trajectory. The
Relative Biological Effectiveness (RBE), ratio of photon
to charged particle dose producing the same biological
effect, quantifies the radiation effectiveness and can be
affected by the production of secondary fragments. The
clinical practice with protons assigns a constant RBE
value equal to 1.1, but radiobiological measurements
show an increase in RBE. The hypothesis [2] under
investigation is that the increase in the RBE is due to the
target fragmentation that generates a spectrum of low
energy heavy particles having a range of the order of
10+100 um. Experimental data on the differential cross
section of produced secondary particles are still
missing. Some experiments studied projectile
fragmentation for 2C ions, but only for few energies
[3,4].

The FOOT (FragmentatiOn Of Target) experiment,
funded by Istituto Nazionale di Fisica Nucleare (INFN,
Italy), aims to overcome the lack of experimental data in
the differential cross section for the production of
secondary fragments due the proton and ion beams.

2. THE FOOT EXPERIMENT

The aim of the FOOT experiment is to measure the
fragment cross section with a maximum uncertainty of
5% and of the fragment energy spectra with an energy
resolution of the order of 1-2 MeV/n in the inverse
kinematic approach. The goals of the experiment are
also to achieve the charge and isotopic identification of
the fragments with an accuracy of 2-3% and 5%,
respectively.

In proton therapy, the measurement of the target
fragmentation is not an easy task due to the low range
of the produced fragments (a few tens of microns). To
overcome this difficulty, the FOOT project will apply an
inverse kinematic approach: instead of studying beams
of protons impinging on a target with the composition
equivalent to human tissue (98% C, O and H nuclei),
beams of ions (2C, 160) of the same energy per nucleon

will impinge onto a hydrogen enriched target (C-H,).
The subtraction of the measured data by using a pure C
and C:H, target [3] will provide the cross section of
heavy ions on proton:
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To this aim, we will perform two beam exposures for
each ion type: the first one will be done with 12C (or 1°0)
on the C target, the second one will be done with 2C (or
160) on the C.H, target. From these measurements, we
will obtain the fragments cross section of 2C (¢0) on the
C and C.H, target, respectively.
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Figure 1. Angular distribution (up) and kinetic energy
distribution (down) of the fragments produced by a 2C beam
(200 MeV/n) on the C target (FLUKA 2011).

191



A. Alexandrov et al., The FOOT experiment, Rad. Applic., 2018, 3, 3, 190—196

The detector design has been guided by the
Montecarlo simulation, based on the FLUKA code [5,6].
It shows that the light (Z<3) fragments have a wide
emission angle (up to 90°) while the heavier fragments
are forward peaked within a polar angle of about 10°. In
Figure 1, the simulated angular (up) and energy
distribution per nucleon (down) produced by a :2C (200
MeV) beam on the C target is shown.

Taking into account these results and the need to
realise a “portable” experimental setup fitting the space
limitations of the different experimental and treatment
rooms, the FOOT experiment consists of two
complementary setups:

1. an electronic setup based on a magnetic

spectrometer dedicated to the momentum

reconstruction and an identification section made of

a plastic scintillator and a calorimeter. This setup

aims to measure fragments heavier than 4He (Z>3)

and covering a polar angle of +10° with respect to
the beam axis;

2. a setup based on an emulsion spectrometer

supplying complementary measurements for light

fragments emitted at an angle up to about 70°.

The FOOT data taking will take place using 4He, 2C and
160 beams at energies ranging from 150 MeV/n to 400
MeV/n and have a great interest for clinical
applications. Other applications, as radioprotection in
space, are interested in the knowledge of fragmentation
processes required for the design of spacecraft shielding
dedicated to long duration space missions. Target
fragmentation studies using a 4He beam with energy
reaching 700 MeV/n are also programmed.

3. THE ELECTRONIC DETECTOR SETUP

The electronic detector setup measures the
following quantities related to the produced fragments:
momentum (p), kinetic energy (Ex), Time Of Flight
(TOF) and fragments energy loss (dE/dx). The detector
geometry consists of three main regions: the up-
stream/target region, the magnetic tracking region and
the identification region. Figure 2 shows a schematic
view of the detector and a brief description of different
subsections is reported below.

1. The wupstream/target region: the plastic
scintillator counter (250 pm thick) provides the start
signal of the TOF and the trigger system,
downstream a drift chamber operates as a beam
monitor tracking the direction and the position of
the beam. The target is positioned beyond the beam
monitor.

2. The magnetic region: it is composed of three
stations of pixel and strip detectors allocated
between and downstream of the magnets providing
the vertex reconstruction and the initial tracking of
the produced fragments; two permanent dipole
magnets supply the magnetic field (up to 1.4 T) in
the Halbach geometry [7] that allows to contain the
overall weight of the detector.

3. The identification region: it is the distal part of
the detector located at about 1 m away from the
target. It is composed of two orthogonal planes of
plastic scintillator rods, providing the stop of the
TOF and the measurement of the energy loss, and of

a BGO calorimeter for the fragment kinetic energy
measurements.

The TOF, measured by the start counter and the
scintillator, has an estimated resolution at the level of
70-100 ps. The silicon detectors, in the magnetic region,
are able to perform momentum measurements with an
expected resolution (o(p)/p) at the level of 5%, while the
resolution supplied by the scintillator and by the
calorimeter is at the level of 3% and 2% respectively in
the measurement of the energy loss (6(AE)/(AE)) and
in the kinetic energy (o(Ex)/(Ex)).

[TargetgEmulsion spectrometer |
Start
Counter
\ \)

Beam Monitor
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Figure 2. Schematic view of the FOOT detector. The total
detector length is about 2 m and the maximum transversal
area is 50X50 cm2.

3.1. Electronic detector performances

The simulation studies have been carried out to
characterize the events occurring in the FOOT
electronic detector. The performances have been
obtained by analyzing the events coming from the
interaction of an O beam (200MeV/n) with a C.H,
target.

The differential cross section measurement of the
produced fragments is a task that can be achieved
through the accurate determination of fragments
atomic (Z) and mass number (A). The analysis has been
focused on the study of produced fragments with Z
number ranging from 1 up to 8. All the quantities
necessary for the Z and A fragments identification
derive from the measurements of the TOF, the
momentum, the energy release (AE) and the kinetic
energy.

The TOF resolution ranges from 70 to 100 ps varying
from 2C to Hydrogen, as measured in a dedicated test
beam. The £ (= v/c) of the fragment is derived from the
TOF and the trajectory length of the track.

The momentum reconstruction has been obtained
by applying a Gaussian smearing of 5%, independently
of the momentum and of the types of fragments.

The energy release, AE, has been reconstructed by
the energy deposited in the plastic scintillator. The AE
resolution ranges from 3% to 10% as a function of the
deposited energy and it has been obtained in a dedicated
test beam.

The kinetic energy Ex has been reconstructed by
adding the energy deposition in the plastic scintillator
and in the calorimeter. The resolution on the deposited
energy in the calorimeter has been obtained by a fixed
Gaussian smearing of 1.5% independent on the energy
deposition.

The resolution on the A identification is strongly
dependent both on the energy loss by fragments due to
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ionization processes before reaching the calorimeter
and on the leakage inside it, mostly generated by
neutrons emission. It is necessary to have a redundant
detector capable of reconstructing and identifying those
events where the final state has undergone interaction
before reaching the calorimeter or when a part of the
energy escaped the apparatus due to neutron emission.

Only the tracks travelling through the detector are
considered to evaluate the detector performances. The
plastic scintillator is dedicated to the Z determination by
measuring the energy loss and the TOF for the g
evaluation. The Z reconstruction is presented in Figure
3 for all the studied fragments; the peaks are well
distinguished from each other, allowing a clear charge
identification. The Z resolution improves with
increasing the charge of the fragments ranging from 2%
for 100 to 6% for H.

10°

Events

i |
10 | l‘
10° [ | ‘ l

Figure 3. Reconstruction of charge number Z for all fragments
crossing the detector.

The mass number A can be estimated by combining
the kinematic determinations supplied by different
FOOT sub-detectors in different ways. For example, the
simultaneous determination of 3, p and Ex, supplied by
the TOF, the tracking in magnetic field and the
calorimeter detectors respectively, allows the
estimation of the mass number according to the
following formulae:

4 Eg

_ v _ p*-E}
Ay = uBy =T (2

A, =
27 uy-1) 37 2UE,

where U is the Unified Atomic mass (931.5 MeV) and y
=1/(1-pH1>.

The three A determinations have a correlation due to
the presence of a common subdetector in each couple of
A definitions. The best determination of A is through
two different fit procedures:

1. astandard x2 approach;
2. an Augmented Lagrangian Method (ALM)
approach [8].
The results on the mass number determination, for
example for 12C, obtained by the standard 2 and ALM
fit are presented in Figure 4.

The two methods give similar results: the peak
position is centered on the expected value and the
resolution is about 4%, similar to that obtained with the
direct measurement of A. The visible tails, showing bad
reconstructed number of mass, can be suppressed
optimizing the x2 cut.

ot 20 X fit kot 120 ALM fit
g 11.97+0.39 | *°F 11.97+0.39

Figure 4. Determination of the mass A (for 12C) with the
standard ¥ method fit (left) and with the ALM fit (right).

4. THE EMULSION SPECTROMETER SETUP

The emulsion spectrometer is meant to detect light
(Z<3) fragments emitted at a large angle (up to about
70°). The Emulsion Cloud Chamber (ECC) technology,
alternating nuclear emulsion films with passive
material, is the basis of the emulsion spectrometer [9-
12]. The ECC acts as a micrometric tracking device,
ionization chamber and a spectrometer for isotope
separation.

MOVING TABLE
BEAM MONITOR

START COUNTER

Figure 5. Emulsion spectrometer exposure geometry: the ECC
is hosted on a XY moving stage and positioned downstream
with respect the start counter and the beam monitor.

The emulsion spectrometer setup will include the
start counter and the beam monitor of the electronic
setup (see Figure 5) in order to monitor the integrated
particle density in the nuclear emulsion. These
detectors will provide a feedback signal to control the
movement of the XY stage hosting the ECC during the
beam spill to avoid the piling up of different
interactions.

The nuclear emulsion films consist of two 50 um
thick sensitive emulsion layers deposited on both sides
of a plastic base, 200 pum thick, resulting in a total
thickness of 300 um. AgBr crystals, dispersed in a
gelatine matrix, are sensitive to ionizing particles and
record their trajectory acting as latent image centres. A
chemical process of development produces the latent
image as silver grains recorded as dark pixels by an
optical microscope. A dedicated software recognizes
aligned clusters of dark pixels producing a “base-track”
related to the path of the charged particle (see Figure 6)
[13]. The connection of base-tracks, belonging to
different emulsions and defining a straight line, forms
volume-tracks.
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micro-track top

top emulsion layer | ’{ Emulsion film
(50 pm)
plastic base base-track
(200 pm)
bottom emulsion layer
(50 pm) A
micro-track

botlom

Figure 6. Tracking reconstruction scheme: a sequence of
clusters aligned in the top and bottom layers forms a micro-
track; geometrically aligned top and bottom micro-tracks
form base-tracks.

The emulsion spectrometer is organized in three
sections (see Figure 7).

1. Section I (Vertex): it is composed by alternating
emulsion films, acting as micrometric trackers,
and passive layers of C or C.Hy acting as the
target where secondary fragments originate.

2. Section II (Charge separation): it consists of
emulsion films for charge identification.

3. Section III (Momentum measurements and
isotopic identification): it consists of emulsion
films alternated with passive materials of
increasing density (plastic, steel and lead) to
measure the particle range and momentum
through the detection of Multiple Coulomb
Scattering [14,15].

Momentum measurement
and isotope identification
Charge

identification

Vertexing

Figure 7. Scheme of the emulsion spectrometer structure for
the FOOT experiment: the vertexing section composed by
alternating emulsion films and passive layers of C or C.H,; the
charge identification section consisting in a sequence of
emulsion films; the momentum measurement and isotopic
identification section consisting in emulsion films alternated
with passive materials.

The length of the vertex section is optimized by the
conflicting requirements to get a statistically significant
number of interactions and avoid absorbing the
secondary particles. About 20% of 2C ions are expected
to interact within 30 mm of C and consequently the total
length of this section could be about 4 cm (31 emulsion
layers interleaved with 30 C layers).

The second section is meant to measure the charge
of the fragments. In nuclear emulsions, the grain
density along the particles trajectory is almost
proportional to the particle energy loss over a certain
range, above which a saturation effect occurs. By
keeping the emulsion at moderate temperatures (above
28°C) and humidity (around 98%) before the chemical
development, the saturation effects can be avoided by a

controlled erasing of the grains along the particle
trajectory. As a consequence, the emulsions become
sensitive to particles with higher ionization. A tuning of
the temperature in the refreshing process erases the
tracks due to the particles with charge equal to 1 while
preserving those induced by particles with higher
charge. The implementation of the refreshing technique
in the second section foresees the use of elementary
cells, each containing three emulsion films. Each film in
the cell, denoted as Ro, R: and R», undergoes a specific
thermal treatment. Ro films are not refreshed, while R,
and R. ones are kept for a given time interval at 98%
relative humidity and at a temperature ranging from
28°C to 36°C. For each refreshing condition, a track is
characterized by three volume variables, i.e. the sum
along the track of all the pixels recorded by the CMOS,
referred to as VRo, VR1 and VR2, respectively. The
charge separation is obtained by the correlations
between pairs of volume variables as demonstrated in
[10].

In the third section of the emulsion spectrometer,
the particle range is measured accounting for its
stopping point and slope. The nuclear emulsions
register the x-y spatial position and slope (0x, 6y) for
each particle track allowing to estimate the particle
momentum by the MCS method according the following
formula [16]:

56 = %; \/XZ [1 +0.038In (Xi)] (3

where p is the particle momentum, B the particle
velocity, 60 the deviation of the track slope along its
path, x the traversed distance and X, the passive
material radiation length [15,16]. A dedicated algorithm
to measure the particle momentum through the MCS
detection is used. The algorithm will be extended to
include the case where the energy loss along the
trajectory is not negligible. The total number of passive
layers of this section is set according to the energy of the
incident beam and it will consist of both lighter (plastic)
and heavier (steel, lead) passive materials. The
combination of the particle range and momentum
measurements will allow the isotopic identification of
the fragments.

The success of the application of emulsions in
different fields like neutrino physics and nuclear physics
applied to medicine relies on the impressive
development of fully automated scanning systems. The
last generation microscopes have reached the scanning
speed of 190 cm2/h with wide angular acceptances
(more than 70°) [17-19].

4.1. Emulsion spectrometer test

Preliminary tests have been performed to calibrate
the sensitivity of a new batch of nuclear emulsions,
produced at Nagoya University, and to test the MCS
algorithm for the momentum reconstruction. Two ECC
detectors were exposed to proton and deuterium beams
of 80 MeV/n kinetic energy at LNS laboratory (Catania,
Italy). The ECC structure developed for this study
consists of 21 nuclear emulsion films interleaved with
20 steel plates (0.5 mm thick, 7.97 g/cms3). The ECC
dimensions are 4.0 x 5.0 cm?2 in the plane transverse to
the beam and 1.63 cm longitudinally. The ECC structure
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was packed under vacuum with a 100 um thick light-
tight aluminium envelope. The beam exposure time was
calibrated in order to integrate a few tens of
particles/mm2 impinging on the nuclear emulsion.

After the film chemical development, the emulsions
were analysed with automated microscopes and the
volume particle tracks were reconstructed by using a
dedicated software aimed to find and fit base-tracks
geometrically aligned along the ECC structure. For each
volume track, we measured the x-y spatial coordinates
with micrometric accuracy and the slope with a
resolution of a few mrad.

We estimate the particle momentum by the MCS
method by evaluating the angular deviation between the
base-track and the volume track in each nuclear
emulsion. Then, by reversing the formula (3), the 1/pp
quantity is computed. The 1/pp distributions for proton
and deuterium are reported in Figure 8. The 1/pp mean
value obtained by the Gaussian fit is in agreement with
the expected one, calculated starting from the energy
beam (80 MeV/n) (see Table 1). These results show the
isotopic identification with nuclear emulsions of
different beams and the potentiality for the isotopic
identification of an event by event basis.

Table 1. Expected and measured values for 1/p quantity
obtained for proton and deuterium exposure.

H D
1/pBexpected((GeV/C)_l) 6.8 3.4
1/meeasured((GeV/C)'l) 8.9+2.9 3.9+1.3
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Figure 8. Distribution of 1/pf obtained for a proton beam
(left) and for a deuterium beam (right) at 80 MeV. The
Gaussian fit is reported in red line and the fit parameters are
in Table 1.

5. CONCLUSION

In the framework of the FOOT collaboration, a
detector based on a double experimental setup is under
design and construction. The aim of the FOOT detector
is to study:

1. target fragmentation in proton therapy;
2. projectile fragmentation in ion therapy and
space radioprotection.

The data taking will take place by using 4He, 2C and
160 beams in the 150-700 MeV/n energy range.
Experimental sites will be the CNAO center (Pavia,
Ttaly), the HIT center (Heidelberg, Germany) and the
GSI (Darmstadt, Germany). Some preliminary tests on
calorimeter, scintillator, silicon and emulsion detectors
have been performed at the CNAO center, at the LNS

(Catania, Italy) and at the Proton Therapy Center
(Trento, Italy) and the results are under analysis.

The first data taking with emulsion setup is
scheduled in November 2018 at the GSI by using 4He
beam (700 MeV/n) on a C and C:H, target for space
radioprotection studies.
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