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Abstract: The FOOT (FragmentatiOn Of Target) experiment is an international project designed to carry out
the fragmentation cross-sectional measurements relevant
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for charged particle therapy (CPT), a technique based on
the use of charged particle beams for the treatment of
deep-seated tumors. The FOOT detector consists of an
electronic setup for the identiﬁcation of Z ≥ 3 fragments
and an emulsion spectrometer for Z ≤ 3 fragments. The
ﬁrst data taking was performed in 2019 at the GSI facility
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(Darmstadt, Germany). In this study, the charge identiﬁcation of fragments induced by exposing an emulsion
detector, embedding a C2 H4 target, to an oxygen ion
beam of 200 MeV/n is discussed. The charge identiﬁcation is based on the controlled fading of nuclear emulsions in order to extend their dynamic range in the ionization response.
Keywords: particle therapy, nuclear emulsion, fragmentation

1 Introduction
Charged particles therapy (CPT) is an established therapy
for cancer treatment. The advantages of CPT are due to
the energy release occurring mainly at the end of the
particle’s path, in the Bragg peak region, and to the
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enhanced biological eﬀectiveness of hadron beams, measured in terms of the relative biological eﬀectiveness
(RBE). The RBE value, deﬁned as the ratio of photons to
charged particles dose producing the same biological
eﬀect, is assessed to an average value of 1.1 for proton
beams [1]. This value is aﬀected by both physical (i.e.
particle type, dose, linear energy transfer) and biological
parameters (i.e. tissue type, cell cycle phase, oxygenation
level) [2], and many recent studies highly support a comprehensive analysis to reduce uncertainties on the RBE
value for the clinical practice [2–4]. Regarding physical
parameters, target fragmentation plays a key role as
low-energy secondary fragments contribute to increment
the dose deposition in normal tissues along the entrance
channel and in the region surrounding the tumor.
Hence, the re-assessment of the proton RBE value
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due to secondary fragmentation is an important topic [2].
The complexity of dedicated experiments makes this
milestone challenging, and in fact, very few and limited experimental data are available in the literature
regarding target fragmentation, and none of them fully
describes secondary fragments induced by a proton beam.
The fragmentation of carbon ions (400 MeV/n) in a polycarbonate target was studied in 2011 to determine the
charge-changing cross-sections by exploiting the nuclear
emulsion technology [5].
In this framework, the FragmentatiOn Of Target (FOOT)
experiment [6,7] has been proposed to measure the target
fragmentation induced by a proton beam in the human
tissues in the energy range relevant for therapeutic applications (150–250 MeV for protons and 200–400 MeV/n for
carbon ions). As fragments generated by a proton beam
have few micrometers range, an inverse kinematic approach
has been adopted in which a beam (carbon or oxygen)
impinge on targets made of carbon- and hydrogen-enriched
carbon materials (C2 H4 ). Therefore, the cross-section of
hydrogen is derived from its linear combination.
FOOT is based on two complementary setups: a magnetic spectrometer, covering a polar angle acceptance up
to about 10 ° with respect to the beam axis, for fragments
Z ≥ 3, and an emulsion spectrometer, to measure light
fragments (Z ≤ 3) up to 70 ° with respect to the beam axis.
In this article, the charge identiﬁcation performance
of the secondary fragments generated by the interaction
of 16 O (200 MeV/n) beam on a C2 H4 target by the emulsion spectrometer is reported.
The method for the charge identiﬁcation is based on
an established technique already performed in previous
studies [8–10], consisting of a controlled fading of nuclear
emulsions by means of diﬀerent thermal treatments that
extend the emulsion response to a broader range and
make them sensitive to particles with diﬀerent ionization
power and charge.

2 Experimental setup and track
reconstruction
In April 2019, an emulsion spectrometer was exposed to a
200 MeV/n 16 O ion beam at the GSI facility in Darmstadt
(Germany). The spectrometer acts both as target and
tracking device. The target, made of C2 H4 layers, was
embedded in the detector structure. The exposure setup
also included a counter and a beam monitor in order to
measure the integrated particle density and its spatial
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Figure 1: Experimental setup of the emulsion spectrometer used
during the 2019 data taking at GSI facility.

distribution. The experimental apparatus is shown in
Figure 1.
After the exposure, emulsions were ﬁrst thermally
treated, then developed and analyzed by fast-automated
microscopes. Dedicated software algorithms were used to
reconstruct tracks of impinging ions and produced fragments. In the following sections, nuclear emulsion characteristics, emulsion spectrometer exposure, structure,
and the thermal treatment procedure are described.

2.1 Nuclear emulsion ﬁlms
Nuclear emulsion ﬁlms consist of two 70 μ m thick sensitive emulsion layers, called top and bottom layers, deposited on both sides of a 210 μ m thick plastic base, resulting in a total thickness of 350 μ m. A nuclear emulsion
comprises a large number of small AgBr crystals, uniformly dispersed in gelatine. When a charged particle
crosses the emulsion layer, a sequence of AgBr crystals
is sensitized along its trajectory, producing a latent image.
After a chemical development procedure, the latent
images turn into a sequence of dark silver grains,
which can be seen with an optical microscope [11].
The darkness of these grains depends on the ionization
of the particle.
Nuclear emulsion ﬁlms used in the 2019 FOOT measurements were produced by the Nagoya University (Japan)
and Slavich Company¹ (Russia) (75% and 25%, respectively). Their sensitivity corresponds to 30 grains over a
track length of 100 μm for a minimum ionizing particle
(MIP).
From the moment they are produced and until their
chemical development, nuclear emulsion ﬁlms are sensitive to charged particles. In particular, during their lifetime, they integrate all particle tracks from cosmic rays

1 https://www.slavich.com/
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and environmental radioactivity. To avoid an unwanted
background, before the detector assembly, ﬁlms were transported in a random order, so that cosmic rays accumulated
during that period have a diﬀerent alignment and cannot be
reconstructed as penetrating tracks. Nevertheless, they can
still contribute to the background in case of random association of two or more aligned base-tracks.

2.2 Emulsion spectrometer exposure
The emulsion spectrometer was installed in cave A of the
GSI facility. The incident beam ﬂux was monitored by the
start counter, made of a thin plastic scintillator, and by
the beam monitor, consisting of a drift chamber that provides the beam spatial distribution.
The integrated ﬂux in emulsion ﬁlms was set at about
1,000 16 O ions/cm 2 , a trade-oﬀ between the need to avoid
the pile-up of interactions in emulsions and the requirement for large statistics. The corresponding number of
triggered events in the start counter was 19,375. The
beam had a Gaussian shape (~1 mm sigma), a ﬁxed
energy, and was used to scan a square area of 2.4 cm
side (in a grid of 25 × 25 points), starting from the center
and following a squared spiral shape with 1 mm pitch.

spectrometer structure is organized in three main sections:
Section I acts as target region and vertex determination,
Section II for the charge identiﬁcation, and Section III for
the momentum measurement and, consequently, isotopic
identiﬁcation of fragments.
Section I consists of 30 emulsion ﬁlms interleaved
with 30 polyethylene layers (2 mm thick ) and is meant
for the detection of beam interactions with the target
(vertex detector). Its length is optimized so that about
33% of 200 MeV/n 16 O ions interacts therein, according
to Monte Carlo simulations based on FLUKA code [13,14].
At this energy, the Bragg peak is contained in this section
and occurs after 26 layers.
Section II is made of a sequence of 36 emulsion ﬁlms
divided into nine cells, each consisting of four ﬁlms. The
four nuclear emulsions of each cell underwent an appropriate thermal treatment to extend the dynamic range of
the emulsion sensitivity to ionization with the aim of
measuring the charge of fragments. A detailed description of the thermal process is reported later.
Section III is made of a sequence of 55 nuclear emulsion ﬁlms interleaved with lexan (C 16 H 14 O 3, 1.2 g/cm 3,
1 mm thick), tungsten (19.25 g/cm 3, 0.5 mm, and 0.9 mm
thick) and lead (11.34 g/cm 3, 1 mm, and 2 mm thick) layers.
It is designed to measure particle momenta taking into
account the particle range and the multiple Coulomb scattering (MCS) [15].

2.3 Emulsion spectrometer structure
2.4 Track reconstruction
The emulsion spectrometer structure, shown in Figure 2,
was built according to the emulsion cloud chamber (ECC)
technique [12], which consists of nuclear emulsion ﬁlms
alternated with passive material layers. The emulsion

Figure 2: Structure of the emulsion spectrometer.

Emulsion ﬁlms were analyzed by fast-automated microscopes with high tracking eﬃciency (~90%) and speed
(up to 190 cm 2 /h) [16–18]. The automated scanning system
consists of a microscope equipped with a 3D motorized
translation stage, a dedicated optical system and a CCD
camera.
During the scanning, silver grains produced by the
particle are recognized as aligned clusters of dark pixels
and associated to form the so-called micro track in the
emulsion layer, as shown in Figure 3. For each ﬁlm, micro
tracks on the top and bottom layers are then connected
across the plastic base to form a base-track, with an accuracy of about 0.3 μ m in position and 1.2 mrad in angle.
A sequence of base-tracks in diﬀerent emulsion ﬁlms
allows to reconstruct the particle trajectory inside the
detector called track [19].
The sum of all pixels corresponding to the same track
is proportional to the speciﬁc ionization of the incident
particle.

Charge identiﬁcation of fragments with the emulsion spectrometer of the FOOT experiment
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Figure 3: Schematic drawing of a micro-tracks reconstruction in diﬀerent tomographic images, grabbed at equally spaced depth levels
through the sensitive layer (left), micro-tracks association between two emulsion layers to form a base-tracks (center) and base-tracks
association to form a track.

3 Charge identiﬁcation
In nuclear emulsions, the grain density along particle
trajectories is proportional to the particle energy loss
over a certain dynamic range. For highly ionizing particles, such as the ion beam considered here and induced
fragments, a saturation eﬀect occurs due to the limited
range of the grain density, thus preventing the charge
measurement.
The dynamic range of the emulsion ﬁlm response can be
extended by keeping them for a certain amount of time,
typically 24 h, at temperatures above 28 ° C with a relative
humidity around 95%: a controlled fading is induced, which
can partially or totally erase base-tracks of less ionizing
particles [10]. The use of ﬁlms that underwent diﬀerent
thermal treatments allows to recover the original ionization
of the track, thus reconstructing the particle charge.

To exploit this technique, Section II was divided into
nine cells of four emulsion ﬁlms each, denoted as Rx ,
with x ∈ {0, 1, 2, 3}. Each of these ﬁlms underwent a speciﬁc thermal treatment (see Figure 4): R0 ﬁlms did not
undergo any treatment, R1, R2 , and R3 ones were kept
for 24 h at 95% relative humidity and at a temperature
of 28 ° C, 34 ° C, and 36 ° C, respectively. Applying these
thermal treatments, the number of residual grains along
the track will be progressively reduced, according to their
ionization. For example, the erased fraction of basetracks for cosmic rays has been measured to be larger
than 99% in R1, while proton base-tracks are erased
with an eﬃciency larger than 96% in R2.
For this analysis, Section II has been considered as a
stand-alone detector. In Section II, 91,876 tracks were
reconstructed. For each track, the following variables
were evaluated:

Figure 4: Section II is divided into nine cells, each one consisting of four emulsion ﬁlms that underwent diﬀerent thermal treatments. The
more base-tracks survive to thermal treatments, the higher the particle’s Z .

Giuliana Galati et al.

• tan θ : the tangent of the inclination of most upstream
ﬁtted track segment w.r.t. the Z -axis;
• NRx : the number of base-tracks belonging to the track
for each set of thermal treatments Rx , with x ∈ {0, 1, 2, 3};
• VRx : for each base-track, a variable named “volume”
is deﬁned as the sum of the pixel brightness and
expressed in arbitrary units related to particles’ ionization;
• ⟨VRx⟩ =

∑NRx VRx
NRx

.

Combining these variables, the particle charge can be
distinguished with two complementary methods: an analysis based on event selections, hereafter referred to as
cut-based (CB) analysis, for MIP cosmic rays and Z ≤ 2 ,
and the principal components analysis (PCA) [20] for Z ≥ 2
fragments. Excluding the combinatorial background, the
sample can be divided into three disjoint sets, according to
the number of base-tracks (NRx ) survived to each thermal
treatment.
Minimum ionizing particle tracks, such as muon
cosmic rays, are expected to be erased from all thermal
treatments; therefore, they are present only in R0 ﬁlms.
The same happens for high energy (≳80 MeV) protons, as
shown in previous tests [9]. Nevertheless, given intrinsic
statistical ﬂuctuations of the number of grains, distributed according to a Poisson function, and thermal treatments eﬃciency, a single base-track may be formed in
ﬁlms other than R0. Therefore, the criterion adopted for
the identiﬁcation of these particles requires the reconstruction of track segments in R0 ﬁlms and allows the
presence of one track segment elsewhere: NR0 > 1 and
NRxx ∈{1,2,3} ≤ 1. The number of tracks fulﬁling this request
is 78,905, and MIP cosmic rays and high energy protons
can be separated through a cut-based analysis.
The cut based-analysis is applied also to fragments
surviving R1 thermal treatment (NR0 > 1 and NR1 > 1)
that do not have a statistically signiﬁcant number of
base-tracks in R2 and R3 (NR2 ≤ 1 and NR3 ≤ 1) are 3,858.
Fragments not included in previous selections, whose
base-tracks survived also to R2 and/or R3 thermal treatments, are 9,113, but for the PCA analysis, the presence of
at least three VRxx ∈{0,1,2,3} is required. This condition is
satisﬁed by 7,529 fragments. The remaining tracks, about
1.7% of the whole sample (1,584), are due to the combinatorial background, which is formed by random association
of spare base-tracks: 95% of these tracks, indeed, have less
than four base-tracks without any speciﬁc correlation with
Rx . As an example, if a track has three base-tracks, two of
them in R3 and one in R1, this must be due to a random
association of base-tracks, since it is not possible that a
track has survived R3 thermal treatment without leaving
any base-track in R0 and R2 .

3.1 Identiﬁcation of cosmic rays
First of all, we want to separate MIP cosmic rays from
high energy (≳80 MeV) protons, which are particles that
are expected to be erased from all thermal treatments.
From the ⟨VR0⟩ proﬁle, shown in Figure 5(a) for all
particles fulﬁling the request NR0 ≥ 0 and NRxx ∈{1,2,3} ≤ 1,
it is possible to distinguish between two populations.
These are well separated looking at tan θ , as in Figure 5(b).
The particles at lower ⟨VR0⟩ have angles which span
over a wide range, mainly tan θ > 0.4. This behavior
is expected for cosmic rays integrated during all the
detector lifetime. Indeed, the beam direction is orthogonal to the emulsion ﬁlm surface and fragments produced by beam interactions are expected at smaller angles
w.r.t. the beam direction, while cosmic rays impinge at
wider angles. The distribution is truncated at tan θ = 1
due to limits used during data reconstruction.

counts
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Figure 5: MIP particles (NR0 ≥ 0 and NRxx ∈{1,2,3} ≤ 1 ): (a) distribution
of ⟨VR0⟩ and (b) distribution of ⟨VR0⟩ versus the track’s angle tan θ .
The yellow line represents the cut used to distinguish Z = 1 fragments (above the cut) by cosmic rays (below the cut). Green and red
lines deﬁne the range of the boundary between the two populations.
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Figure 6: Results of a control sample exposed only to cosmic rays.

To study the behavior of cosmic rays, a control
sample has been taken in a region of the emulsion spectrometer outside the signal area, where only cosmic rays
are present. The distribution of ⟨VR0⟩ versus tan θ for
these tracks is shown in Figure 6. These are mainly
MIPs (⟨VR0⟩ ≲ 8,000), with a small component due to
cosmic ray protons (⟨VR0⟩ ≳ 8,000), as expected by cosmic
rays ﬂux measurements [21].
Therefore, MIP cosmic rays can be identiﬁed by combining the information of NRx , tan θ , and ⟨VR0⟩. The
yellow line in Figure 5 is used to separate in the plane
(⟨VR0⟩, tan θ ) cosmic rays and Z = 1 fragments, which
have higher ionization. Green and red lines, instead,
deﬁne the range of the boundary between the two populations and therefore have been used to evaluate the systematic uncertainty, given by half of the diﬀerence between
the highest and lowest values obtained.
With this analysis condition, 60,126 particles out of
78,905 are identiﬁed as MIP cosmic rays and 18,779 as
Z = 1 fragments. The systematic uncertainty due to the
selection is estimated to be 3% for cosmic rays and 8%
for Z = 1 fragments.
At this stage, only the charge is measured, while the
isotopic discrimination task is addressed in Section III;
therefore, we refer to these fragments as Z = 1 rather than
protons. The same will apply to Z > 1 fragments.
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R2 and R3 (NR2 ≤ 1 and NR3 ≤ 1). These are shown in
Figure 7, where the ⟨VR1⟩ is plotted versus ⟨VR0⟩. One
population is visible: tracks with ⟨VR1⟩ below the yellow
line in Figure 7 are due to Z = 1 fragments, but more
ionizing than the ones already identiﬁed having NR1 ≤ 1.
At equal charge, higher ionization corresponds to lower
energy, so these tracks are identiﬁed as due to lower
energy Z = 1 fragments. Light blue and magenta lines
deﬁne possible choices in the deﬁnition of the boundary
to select this population and therefore were used to evaluate systematic uncertainties.
Fragments with ⟨VR1⟩ larger than the cut have been
interpreted as belonging to the next atomic species, Z = 2 .
The hypothesis of two populations and their boundaries are conﬁrmed by the same plot without any cut
applied on NR2 and NR3, as shown in Figure 8. The
number of fragments below the straight line is almost
stable in the two cases, demonstrating that those are
Z = 1 particles which do not survive thermal treatments
more aggressive than R1. On the contrary, tracks above
the straight line show higher ionization and are thus
fragments with Z ≥ 2 . When NR2 and NR3 are missing,
the higher energy component with Z equal to 2 is selected.
Most of the tracks with Z ≥ 2 will be analyzed in the next
section with the PCA analysis.
From the information retrieved from R0 and R1 ﬁlms,
the charge has been measured for 3,858 particles: 2,420
fragments constitute the Z = 1 populations, while 1,438
have been recognized as Z = 2 fragments. The systematic
uncertainty due to the selection is estimated to be 8% for
Z = 1 and 11% for Z = 2 .
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Figure 7: Distribution of ⟨VR1⟩ versus ⟨VR0⟩ for tracks with NR2 ≤ 1
and NR3 ≤ 1 . The yellow line represents the cut used to distinguish
high energy Z = 2 fragments (above the cut) by low energy Z = 1
ones (below the cut). Magenta and light blue lines deﬁne the range
of the boundary between the two populations.
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of other fragments whose charge was measured with the
cut-based analysis.
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Figure 8: Distribution of ⟨VR1⟩ versus ⟨VR0⟩ for all tracks with
NR1 > 1 . No cuts have been applied on NR2 and NR3. The yellow line
separates Z ≥ 2 fragments (above) by low energy Z = 1 ones
(below). Magenta and light blue lines deﬁne the range of the
boundary between the two populations.

Excluding cosmic rays from the sample, with the cutbased analysis, the charge has been measured for 74%
of fragments. A summary of the charge measured is
reported in Table 1. The tan θ distribution for cosmic
rays is reported in Figure 9, compared with the distribution

3.3 Identiﬁcation of Z ≥ 2 fragments with
the principal component analysis
To further distinguish Z ≥ 2 fragments surviving also R2
and/or R3 thermal treatments, a cut-based analysis on
⟨VR2⟩ and ⟨VR3⟩ variables is not powerful enough due to
saturation eﬀects, as shown in Figure 10, where only cuts
⟨VR2⟩ > 0 and ⟨VR3⟩ > 0 were applied.
In order to disentangle diﬀerent fragment tracks, the
principal component analysis, a multidimensional technique, well established in the ﬁeld of pattern recognition
[20] was adopted. This technique is based on applying a
linear transformation to the measured variables and is
useful when these are not the most signiﬁcant for data
classiﬁcation, while reducing the dimensionality of the
problem results in an easier classiﬁcation procedure.

<VR2>

3

Table 1: Number of fragments classiﬁed as Z = 1 or high energy
Z = 2 with the cut-based analysis
Z

Number of tracks

Syst. Err.

1
2 (high energy)
Measured

21,199
1,438
22,637
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161
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Figure 9: Distribution of the inclination of cosmic rays and of fragments identiﬁed by the cut-based analysis.
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Figure 10: Tracks volume distribution for ⟨VR2⟩ vs ⟨VR1⟩ (top) and
⟨VR3⟩ vs ⟨VR2⟩ (bottom) variables.
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This transformation, described by an orthogonal matrix,
is equivalent to a rotation of the original pattern space
into a new set of coordinate vectors.
Being V R , the vector containing our measured values,
the covariance matrix is deﬁned as C = ⟨yyT⟩, where
y = V R − ⟨V R⟩. C matrix is real, positive deﬁnite, symmetric, and with non-null, positive eigenvalues.
The base formed by the eigenvectors of the C matrix
and belonging to the largest eigenvalues corresponds to
the most signiﬁcant features of the description of the
original prototypes.
The PCA method was applied to all fragments with at
least three measured VRx , which are 7,529. For these
fragments, four new variables called VPxyz are deﬁned.
These variables are expressed in arbitrary units as VRx .
The ﬁrst principal component is calculated to account
for the highest variance in the data.
Considering how VPxyz have been evaluated, particles
with higher ionization are expected to also have a higher
VPxyz .
Each of these variables was ﬁtted with three Gaussian
functions, as shown in Figure 11. To each Gaussian ﬁt, the
particle population with increasing Z was associated:
violet for Z = 2 fragments, pink for Z = 3, and green for
Z ≥ 4 ones. The ﬁt model has been inferred by the study
of a high-purity sample requiring tracks crossing at least
7 cells (NR0 ≥ 7 ). With the cut-based analysis, a fraction
of Z = 2 fragments was already identiﬁed. Therefore, in
the complementary sample, which survived after the
more aggressive thermal treatment applied on R2 and
R3, the component of Z = 2 fragments with higher ionization (lower energy) is expected. For this reason, the
Z = 2 Gaussian will be partially erased. The threshold
value depends on the particle energy and on the statistical ﬂuctuation in the number of sensitized grains along
the track. These eﬀects produced a smearing in the
threshold that is not expected to be sharp. Therefore,
the ﬁt is not taking into account low VPxyz values, where
the behavior is not Gaussian. Another requirement is
that the height of Z = 2 Gaussian peak must be higher
than that of the Z = 3 Gaussian, which in turn has to be
higher than or equal to the height of the Z ≥ 4 Gaussian,
since the number of fragments is expected to decrease
as Z increases. Consequently, the mean value of the
Z = 2 Gaussian is lower than the mean value of Z = 3
Gaussian, which in turn is lower than the mean value of
Z ≥ 4 Gaussian.
The charge is assigned to each fragment by generating a random number which takes into account probabilities given by the height of each Gaussian curve for its
VPxyz value with respect to the height of the overall ﬁt

entries/0.15
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Figure 11: Distributions of the four variables obtained with the PCA
method: black dots represent data. Each Gaussian ﬁt corresponds
to a particle Z: violet for Z = 2 fragments, pink for Z = 3, and green
for Z ≥ 4.
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distribution. As far as the evaluation of the relative contribution of each population is concerned, this method
is equivalent to estimating the relative weight of each
Gaussian distribution. Nevertheless, the procedure outlined above is meant to provide an additional feature to
each track that could be useful for future analysis.
The variable VP123 is used if ⟨VR1⟩, ⟨VR2⟩, and ⟨VR3⟩
are available. Especially for tracks with a small number of
segments, it can happen that segments in a speciﬁc Rx
are not reconstructed or are not correctly associated with
the track, so it is not possible to evaluate their VRx . In this
case, one of the other VPxyz combinations applies. In
Table 2, we report the number of fragments tagged with
the corresponding variable.
Three error components have been identiﬁed: a
systematic uncertainty due to the ﬁt, which can diﬀer
because of plot binning or lower limit, the error due to
uncertainties of the ﬁt parameters and a statistical error
due to the size of the available sample. All error components have been evaluated only for VP123 : the contribution
of the error coming from the other VPxyz , indeed, is negligible with respect to the one of VP123, which is used for
more than 90% of fragments.
To evaluate the systematic uncertainty, six ﬁts have
been applied, which diﬀer from each other for the plot
binning and lower limits. For each one of them, the error
due to uncertainties of ﬁt parameters was evaluated
through the generation of 104 ﬁts, where mean values
of the three Gaussian curves are normally distributed
around their mean within 1σ . Only ﬁts with a probability
larger than 0.001 have been accepted. An example is
shown in Figure 12.
For each of the six diﬀerent ﬁts, the average on the
results obtained over the 104 random generations gives a
partial estimation of the number of particles with a given
Z. The ﬁnal result is obtained as the weighted average on
these six partial results. The systematic uncertainty is
given by the maximum error on the six results, while
the statistical error is given by the standard deviation

350
300
250
200
150
100
50
0
4

2

0

2

4

6

VP123

Figure 12: Example of 104 ﬁts (in gray) generated within uncertainties of ﬁt parameters.

on the weighted average. The main contribution is due
to the systematic uncertainty, while the statistical error
and the one due to uncertainties of ﬁt parameters are
negligible.
The number of fragments for each Z is reported in
Table 3, together with relative uncertainties. Combining
the ⟨VRx⟩ information through the PCA, the charge has
been assigned also to fragments with Z ≥ 2 . It is not possible to further distinguish Z ≥ 4 particles with the current thermal treatments used.
To crosscheck the results obtained with PCA, other
two methods have been tried: the singular value decomposition (SVD) and the non-negative matrix factorization
(NMF) [22]. Both lead to compatible results within the
errors.

3.4 Results
The charge has been measured or assigned for 98.3%
of reconstructed particles. Diﬀerent fragments identiﬁed
and corresponding fractions are reported in Table 4.
The tan θ distribution for all identiﬁed fragments is
shown in Figure 13. The mean and RMS of distributions

Table 2: Number of fragments classiﬁed with the PCA method and
the corresponding variable. If available, VP123 is preferred, otherwise one of the other VPxyz is used, according to which ⟨VRx ⟩ have
been evaluated

Table 3: Number of fragments classiﬁed as low energy Z = 2, Z = 3
and Z ≥ 4 with PCA method

VP xyz

Number of tracks

%

Z

Number of tracks

Syst. Err.

VP 123
VP 012
VP 013
VP 023

6,801
546
111
71

90.3
7.3
1.5
0.9

2 (low energy)
3
≥4
Assigned

3,506
2,915
1,108
7,529

370
560
300

Charge identiﬁcation of fragments with the emulsion spectrometer of the FOOT experiment

Table 4: Percentage of fragments classiﬁed for each Z , excluding
cosmic rays
Fragments classiﬁcation

Z
CB

Total

%

Syst.
Err. (%)

Stat.
Err. (%)

/
3,506
2,915
1,108
7,529

21,199
4,943
2,915
1,108
30,166

70
16
10
4

5
2
2
1

0.7
1.4
1.9
3.0

counts

1
21,199
2
1,438
3
/
/
≥4
Total 22,637

PCA

1000

Z=1

800

Z=2

393

a C2 H4 target has been reported. Thermal treatments
inducing controlled fading of nuclear emulsion ﬁlms
were applied to the Section II of the emulsion spectrometer to distinguish the charge of fragments generated by
oxygen interactions and separate them from cosmic rays
integrated during the detector lifetime. The charge was
measured or assigned for 99.4% of tracks reconstructed
in Section II of the detector. The charge of these fragments was measured using two complementary methods:
a cut-based analysis and the principal component analysis. Our aim was to identify fragments as heavy as
lithium, and this goal was achieved. Within the FOOT
experiment, identiﬁcation of Z ≥ 4 fragments is a task
of the electronic detector setup. For future data takings,
the systematic uncertainty, which is the dominant one,
will be reduced by optimizing the thermal treatments to
get a better separation between fragments with diﬀerent
charge.

Z=3

600
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Figure 13: Distribution of inclination for fragments with tan θ < 1 .

Table 5: Mean and RMS of fragments inclination distributions,
referred to Figure 13

Z

⟨tan θ⟩

RMS

1
2
3
≥4

0.32
0.17
0.11
0.08

0.23
0.17
0.09
0.07

are reported in Table 5. As expected, the mean of the
distributions decreases with increasing Z .

4 Conclusion
In this study, the charge identiﬁcation of fragments produced in interactions of 200 MeV/n oxygen ions with
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