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This paper presents the measurements of the angular differential cross sections for the forward production
of He, Li, Be, B, C, and N nuclei in the fragmentation process of a 400 MeV/nucleon 16O beam interacting
with a graphite target. Due to the limited data available in this energy regime, these measurements of nuclear
fragmentation cross sections are relevant to improve nuclear interaction models for particle therapy and space
radioprotection applications. The data analyzed in this paper were collected during a measurement campaign
carried out at the GSI Helmholtz Center for Heavy Ion Research facility in Darmstadt (Germany) by the FOOT
Collaboration. The results are compared with similar results found in the literature and with a previous FOOT
measurement of the same process, using the same setup, from a previous pilot run performed at GSI. The pilot
run data, however, had limited statistics and only allowed for the measurement of elemental fragmentation cross
sections integrated in the setup acceptance. This data set, with statistics more than 100 times larger compared
to the data collected in the previous run, enabled the measurement of angular differential cross sections, fully
exploiting the granularity of the FOOT �E -TOF (time-of-flight) system. Furthermore, a better comprehension
of the FOOT apparatus allowed to improve the analysis techniques, leading to a reduction in the final systematic
uncertainties. The cross section results have been compared with some of the prominent Monte Carlo models of
FLUKA and Geant4 dedicated to the energy range of interest for light ion fragmentation physics.

DOI: 10.1103/nmw9-ldrm

I. INTRODUCTION

Nuclear fragmentation cross section measurements are cru-
cial for advancing in several fields, including particle therapy
(PT), radioprotection in space (RPS), and nuclear structure
studies [1,2]. For instance, in PT understanding the fragmen-
tation of ion beams as they interact with human tissue can
potentially improve cancer treatments, as it helps in accurately
predicting the dose distribution and minimizing damage to
surrounding healthy tissues [3,4]. Moreover, an accurate de-
scription of fragmentation phenomena can also shed light on
the biological effectiveness in proton therapy [5].

Similarly, in RPS these measurements would be of great
importance for assessing the risks posed by cosmic radiation
to astronauts, as they help in developing effective shielding
strategies [6]. Indeed, space radiation constitutes one of the
major risks for space exploration beyond low Earth orbit
(LEO), which is among future plans of several national space
agencies and private companies [7]. Radiation hazards could
significant in preventing deep space missions due to huge
costs and unacceptable risks for the astronauts given the lack
of effective countermeasures so far [8].

These fields share a common ground both for ions in-
volved (ranging from 1H to 56Fe with a focus on ions
with nuclear charge number Z � 8) and kinetic energies,
100–1000 MeV/nucleon (depending on the ion). However,
the phenomena at play are known with poor accuracy due to
the lack or the poor precision of the relevant fragmentation
cross section measurements [9–11]. This translates in a poor
precision in the computation of the biological dose due to the
fragments with respect to the one required for both PT and
RPS applications [12,13]. The measurement of the missing
fragmentation cross sections would allow benchmarking and
updating the existing nuclear models implemented in Monte
Carlo (MC) and deterministic codes, used for the dose com-
putation in both the PT and RPS applications [14,15]. Double
differential cross sections in the fragment production angle
and kinetic energy would be of great value to this purpose.
Despite recent progress, only a small number of beam-target-
energy combinations have been explored [16–22].

The FOOT experiment [23] was designed to address this
data deficit by measuring fragmentation cross sections in the
nuclear interactions between ion beams (such as protons, he-
lium, carbon, and oxygen) and targets of interest for PT, such
as H, C, and O, which are the most abundant elements in
tissues. It also includes targets of interest for shielding in RPS
like hydrogen-enriched targets [23]. FOOT is a fixed target
experiment whose setup includes two complementary config-
urations: an electronic setup with a magnetic spectrometer and
charge/mass identification capabilities, for measuring forward
emitted fragments with Z� 2, and an emulsion spectrometer
for higher angular acceptance measurements of fragments
with Z� 3. Details of the FOOT experiment design and some
preliminary results can be found in [23–25]. This study ana-
lyzes data acquired at the GSI Helmholtz Center for Heavy
Ion Research facility in Darmstadt in 2021 with the electronic
setup. At that time only a part of the final FOOT detector, as
described in detail in [23], was operational. The setup, consist-
ing of a detector for the beam monitoring and a system for the
time-of-flight (TOF) and the energy loss measurements, was
used to identify the charge Z of the fragments and to measure
their emission angle, allowing one to perform elemental cross
section measurements. The same setup was used in a previous
data acquisition campaign in 2019 at GSI, and is described in
detail in [24].

This paper presents the measurement of the angular differ-
ential cross sections for the forward production of 2 � Z � 7
nuclei in the fragmentation process of a 400 MeV/nucleon 16O
beam interacting with a graphite target. In terms of statistics
and results, this work extends and supersedes the 2019 study
[24], where a limited statistics allowed measurement of only
the elemental fragmentation cross section integrated in the
full geometrical acceptance of the setup. The present work
provided more than a factor of 100 improvement in statistics
compared to the previous campaign, which allowed measure-
ment of the angular differential cross sections for charged
fragments with FOOT. In Sec. II the FOOT setup used in this
analysis, its performance, and the data collected are described.
In Sec. III the analysis strategy to measure cross sections is
discussed. Systematic uncertainties from detector effects and
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FIG. 1. Schematic view of the GSI experimental setup. The 16O
beam passes through the start counter and the beam monitor, before
impinging on the 5 mm thick graphite target. The produced frag-
ments emitted with a polar angle � 5.7◦ can be identified by the TOF
wall detector, about 193 cm downstream of the target [24].

the analysis method are also assessed. In Sec. IV the results
of the paper are discussed, taking into account previous stud-
ies and earlier works of the FOOT experiment [24] with a
focus on the improvements enabled by higher statistics and
enhanced analysis techniques, while in Sec. V a comparison
between experimental results and predictions of Monte Carlo
models in FLUKA and Geant4 is presented.

II. MATERIAL AND METHODS

A. Experimental setup

The experimental setup used in the data campaign analyzed
in this paper is identical to the one used in the GSI 2019
data taking campaign, and is described in detail in [24] (see
Fig. 1). The fragmentation due to the interaction of a 16O beam
of 400 MeV/nucleon with a 5 mm graphite target (TG) is
studied. Two detectors, upstream the graphite target, the start
counter (SC) and the beam monitor (BM) measure the incom-
ing oxygen ions. Their design minimizes the pretarget overall
material budget in order to keep the fragmentation interactions
inside themselves at the percentage level with respect to the
one in the target. Downstream of the target, the only detector is
the TOF wall (TW) able to provide identification of the charge
Z of the fragments [24]. The FOOT detector was installed in
Cave-A (HTA) of the GSI facility. The FWHM beam size was
(0.5,0.4) cm in (X,Y ) and the beam intensity was kept in the
interval (0.5–1.0) kHz in order to keep the pileup from oxygen
ions to a sustainable rate for the FOOT detectors.

The start counter [26] is a 250 µm thick plastic scintil-
lator (EJ-228), placed at the very beginning of the setup,
which measures the number of the incoming 16O ions and
provides the start of the time of flight (TOF) measurement
with a resolution of ∼70 ps [27]. The beam monitor is a drift
chamber consisting of 12 wire layers, with X-Y views. With a
tracking efficiency higher than 90% and a lower limit on the
spatial resolution of 60 µm [28], it provides the measurement
of the direction and the interacting point of the beam ions
on the target. The distances between SC, BM, and TG have
been minimized as much as possible. This choice minimizes
the effects of multiple scattering and maximizes the position
resolution on the BM track projection on the TG.

The TOF wall detector is composed of two layers of 20
plastic scintillator bars (EJ-200) each, arranged orthogonally

to provide X-Y views. This setup forms a 40 × 40 cm2 active
area detector providing the measurements of the energy de-
posited, �E , with a resolution of σ (�E )/�E ∼ 5%, the TOF
stop, with a resolution of ∼20 ps for 16O ions [27], and the
hit position, with the granularity provided by the bar cross-
ing dimension of 2 × 2 cm2. To ensure that most fragments
(except protons and neutrons) are fully measured, the TW is
positioned approximately 193 cm downstream of the target.
MC simulations and prior measurements [15,23] showed that
this arrangement maximizes the detector’s coverage for He
fragments emitted within a maximum angle of 10◦ and con-
sequently also for heavier ions. The position of the TW was
chosen to minimize multiple hits within the fixed granularity.
According to MC simulations the chosen granularity keeps
the pileup of multiple fragments in the same bars’ crossing
below 1% [23,24]. The TW detector was not optimized for the
detection of neutrons and protons, and these products were not
analyzed. The TW dimension and distances from the target set
the geometrical acceptance of the setup. Taking into account
also a 1 cm shift between the center of the upstream region
(SC, BM, and TG) with respect to the one of the TW, the polar
angle acceptance for this analysis is θ � 5.7◦.

Charge Z identification

The simultaneous measurement of the �E in each TW
bar and the TOF between that bar and the SC allowed the
identification of the nuclear charge (Z) of that ion. As detailed
in [24], from a parametrization with a Bethe-Bloch curve of
�E as a function of TOF, for each TW layer, the charge Z
of each fragment was extracted. A fragment crossing the TW
hits a pair of X and Y bars, each with an assigned Z coordinate,
thus identifying the point of passage of the fragment. The two
bars are associated with the same fragment and clusterized in
a TW point, with a position resolution provided by the bar
crossing of 2 × 2 cm2. In order to have a clean Z identifica-
tion, only pairs of X-Y bars sharing the same reconstructed Z
are selected and clusterized in a TW point [24]. The fragment
hit position along the bar, extracted with the time difference
measured at both the edges of a single bar, is used to improve
the clusterization of the X-Y bars forming a TW point [24].
This is fundamental whenever more than one fragment hits
the TW in the same event. The �E and TOF assigned to each
TW point is the average of the ones of the two bars forming
it. In order to show the separation of the different fragments
charge Z in Fig. 2 the Bethe-Bloch curves used for the charge
Z identification (ZID) of the fragment are superimposed on the
distribution of �E vs TOF for each reconstructed TW point.

B. Data sample and trigger strategy

The data analyzed in this paper were collected during the
FOOT data taking campaign at GSI in 2021, with the setup
reported in Sec. II A. Two data samples were collected: one
with a 16O beam of 400 MeV/nucleon impinging on a 5 mm
carbon target and another acquired without target. The second
sample contains only fragmentation coming from the interac-
tion of the beam with the air and the FOOT setup and it is used
to evaluate the background in the cross section analysis (see
Sec. III).
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FIG. 2. �E vs TOF distribution for the data collected at GSI
in 2021, analyzed in this work. The Bethe-Bloch curves for Z = 1
(hydrogen, lower curve) up to Z = 8 (oxygen, higher curve) are su-
perimposed. The separation between the individual fragment charges
(Z) is clearly visible.

The data sample with the carbon target was collected us-
ing two different trigger strategies: the minimum bias (MB)
trigger is issued whenever a primary ion of 16O goes through
the SC, while the fragmentation trigger (FRAG) rejects most
of the primaries events reaching the TW, and is issued in the
presence of TW hits due to fragments of interest for cross
section measurement. Details of the FOOT trigger strategy are
discussed in [29]. About 1.2 × 106 events were collected with
the MB trigger implemented, requiring in the SC a majority of
five of its readout channels out of the total of eight [26]. About
2 × 106 events were acquired with the FRAG trigger, able to
reject most of the 16O reaching the TW, requiring a coinci-
dence of a MB trigger with a veto from events with an energy
release in the TW central bars compatible with a primary ion
of the beam. As detailed in [29], the veto is implemented
setting amplitude thresholds on the TW central bars, tuned
during MB runs. The thresholds were chosen as a tradeoff
between the rejection of nonfragmentation events (oxygen)
while keeping most of nitrogen and lower Z fragments which
can be affected by a too tight choice of the thresholds. The
FRAG trigger was designed to mostly reject unreacted 16O
ions but some fragments might have been rejected. Thanks to
the loose thresholds used during the acquisition of events with
the FRAG trigger, this effect was estimated to be negligible.
Counting the number of times the FRAG trigger conditions
are valid during MB runs, the ratio between the number of
events labeled as FRAG events and their total number pro-
vides the FRAG trigger acceptance factor εFRAG

trig , which was
found to be 15.99 ± 0.03%.

All the FRAG events were acquired along with a fraction
of MB events: this means that the data sample contains both
FRAG events and MB events (1 out of 10 in this case). About

5.7 × 104 events were acquired with the MB trigger for the
sample without target for background studies.

C. Monte Carlo simulation

A detailed Monte Carlo (MC) simulation of the setup de-
scribed in Sec. II A was carried out using the FLUKA MC
code [30]. The MC simulation was tailored to reflect the
detector geometry, the passive materials, and the alignment
adjustments, including shifts and rotations of the setup [31].
Both the setups with and without the target were simulated.
The 16O beam position and its transverse size were extracted
from data and implemented in the MC simulation. Simulation
outputs were processed by the FOOT reconstruction software,
performing the reconstruction as in data. The reconstruction
of the quantities of interest, tracks for BM and points for
TW and their performance, were already studied and opti-
mized in MC simulations in other works [24,28]. Detector
responses, including spatial resolution in BM and energy loss
and TOF resolutions in SC and TW, were extracted from data
and dedicated calibration runs, as described in [24,26,28,32].
Subsequently this information was used in MC simulations
applying a Gaussian smearing of the quantities computed by
FLUKA. The tuning of MC simulations on data is funda-
mental to make the MC simulations reliable for fragment Z
identification and the angle of the reconstructed fragments
[24], which are the two quantities needed to extract the frag-
ments’ raw yields for the angular differential cross sections,
as discussed next in Sec. III A.

III. DATA ANALYSIS

A. Analysis strategy

The goal of this analysis is to evaluate the angular differ-
ential cross sections for the fragmentation process of a 16O
beam of 400 MeV/nucleon interacting with a graphite target
for the forward production (θ � 5.7◦) of He, Li, Be, B, C,
and N nuclei. The elemental cross section for each fragment
charge Z is computed as follow:

dσ

d�
(Z, θ ) = Y (Z, θ )

NprimNTGε(Z, θ )��
, (1)

where Y (Z, θ ) is the selected number of fragments of a given
charge Z measured by TW at a given angle θ , Nprim is the
selected number of primaries impinging on the target, ε(Z, θ )
is the efficiency for a given charge in a given angle computed
using the MC simulation (see Secs. III B and III B 3), �� is
the solid angle bin width and NTG is the number of interaction
centers in the target per unit surface which can be written as

NTG = ρdNA

A
, (2)

where ρ = 1.83 g/cm3 is the graphite target density, d =
0.5 cm is the target thickness, NA is the Avogadro number and
A = 12.01 g/mol is the graphite mass number. Details on how
the factors entering in Eq. (1) are computed or measured are
given below.

In order to measure the fragmentation yields Y (Z, θ ) pro-
duced in the target, the target-out fragmentation, mostly
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produced by the interaction of the 16O beam with the air and
the FOOT setup, has to be taken into account. This contribu-
tion has to be considered as background with respect to the
in-target fragmentation and need to be detected, identified,
and removed. The reconstruction workflow is the same for the
samples with and without target: first, the angle of the primary
particle and its impact point on the target are calculated by
the BM. Then, the angle between the impact point on target
and the reconstructed point on the TW is calculated, and
the charge Z of the fragment is identified by the TW. Since
the TW cannot distinguish whether fragments come from the
target or not, all the valid points are taken into account and
their emission angle is calculated as pointed out above even
if fragments are not generated in the target. The background
which arises from these wrong reconstructions is removed
using the sample without target. In conclusion the quantity
Y (Z, θ )/Nprim of Eq. (1) can be rewritten as

Y (Z, θ )

Nprim
= YTG(Z, θ )

Nprim,TG
− YnoTG(Z, θ )

Nprim,noTG
, (3)

where the subscript TG (noTG) refers to the runs with (with-
out) the target. In this way, fragment yields are correctly
subtracted, taking into account the different number of pri-
maries in the two data samples.

The number of primaries Nprim in MB runs, corresponds to
the number of MB triggers NMB

trig surviving the selection cuts
for pileup removal on the SC and on the BM. Multiple primary
particles in the same event (i.e., pileup events) are removed by
looking at both at the SC raw signal and the number of BM
reconstructed tracks. By removing pile-up events in the SC de-
tector and selecting only events with a single track in the BM
detector, the number of MB triggers considered for analysis
is reduced to 10–12%, depending on the instantaneous beam
rate, which can reach up to 50 kHz. To compute the number of
primaries, Nprim, in FRAG runs, the number of FRAG triggers
NFRAG

trig surviving the same pileup selections in SC and BM has
to be further divided by the trigger acceptance factor, in order
to consider the effect of the trigger selection:

Nprim = NFRAG
trig

/
εFRAG

trig . (4)

Pileup selections in BM and SC are performed before
the effective beam arrival on the target, thus no significant
biases are introduced in the analysis. After the selection cuts,
≈1.7 × 106 MB events, considering both MB runs and MB
events in FRAG runs, and ≈6.8 × 105 FRAG events (corre-
sponding to more than 4 × 106 primary particles) were used
for the analysis. For the background only ≈5 × 104 were
selected due to the limited amount of statistics without target.
Thus, the error on cross section measurements, especially on
angular ones, was mainly driven by the uncertainty in the
number of fragments measured in the sample without target.
The background subtraction at yields level, in Eq. (3), is per-
formed after the calculation of YTG/Nprim,TG as the weighted
average of MB and FRAG data samples.

The minimum angular bin width used in the cross sec-
tion [Eq. (1)] was set taking into account the TW granularity
(≈0.6◦ at the target position), while the choice of the num-
ber of bins was mainly driven by the available statistics in

background data, which dominate the statistical error. The
fragmentation cross sections are evaluated in the geometrical
acceptance of the apparatus of θ � 5.7◦. Integrating Eq. (1)
over the solid angle covered, the elemental cross section for
each charge Z can be extracted as follows:

σ (Z ) =
∫

�

∂σ

∂�
d� = Y (Z )

NprimNTGε(Z )
. (5)

In the present work both the integral and the angular differ-
ential cross sections were measured, and are discussed in the
results (see Sec. IV).

B. MC corrections to the cross sections

The MC simulation (Sec. II C) was used to compute the
efficiencies and the corrections needed in the measurement of
the fragmentation cross sections [Eqs. (1) and (5)] and to ver-
ify the analysis strategy discussed in previously in Sec. III A.
A purity correction, discussed in Sec. III B 1, is introduced to
correct the fragmentation yield Y (Z, θ ) to take into account
the misidentification of the Z charge due to the ZID algorithm
of the TW detector. The efficiency, detailed in Sec. III B 3,
is introduced to correct for the missing fragments, produced
in the fragmentation process, but lost in reconstruction. The
analysis strategy for the cross section evaluation, shown in
previously in Sec. III A, was validated against the MC simu-
lation: the raw yields reconstructed by the TW were measured
from the subtraction between samples with and without target
and corrected by purity and efficiency MC corrections. The
obtained MC fragmentation cross sections, differential in an-
gle and for each fragment atomic charge Z, were compared
to the true MC production cross sections. The true MC pro-
duction cross sections were obtained by selecting fragment
tracks with a given Ztrue and emission angle θtrue, produced in
the target within the TW detector acceptance (θtrue < 5.7◦). A
residual discrepancy between reconstructed and true MC cross
sections was observed and is attributed to the migration be-
tween angular bins caused by the TW limited granularity. This
discrepancy was corrected with an angular unfolding proce-
dure [33] in the analysis (see Sec. III B 2), which allowed us
to dramatically improve the agreement between reconstructed
and true MC cross sections, expecially in the cases of carbon
(Z = 6) and nitrogen (Z = 7) fragments, for which a narrow
angular distribution is expected [23]. The validation of the
analysis strategy in the MC simulation, including background
statistical subtraction between samples with and without tar-
get, efficiency and purity corrections to the fragmentation
yields, and finally the angular unfolding procedure to cure the
bin migration, confirmed the possibility of applying the same
strategy in data. In particular, after the background subtrac-
tion, the purity correction is applied to remedy the Z charge
misidentification, then the unfolding procedure is used to
solve for the angular bin migration, and finally the efficiency
correction is applied to account for the nonreconstructed frag-
ments. The cross section results are shown in Sec. IV.

1. Purity

In this analysis, the TW is the only detector able to identify
the charge of the fragments using the energy release �E in
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a TW bar and the TOF between SC and TW. The purity is a
quantity which is related to the ZID algorithm performances
of the TW and depends on the energy loss and TOF reso-
lutions, which in MC are tuned from data, as explained in
Sec. II C [24]. To account for the charge Z misidentification
it was needed to introduce a purity correction, which is cal-
culated in MC for each charge and angle, and can be written
as

P(Z, θ ) = N (Zreco = Ztrue, θreco)

N (Zreco, θreco)
, (6)

where N (Zreco, θreco) is the number of fragments reconstructed
by the TW with charge Zreco while N (Zreco = Ztrue, θreco) is the
number of fragments reconstructed by the TW with charge
Zreco equal to the true charge Ztrue from MC. The purity cor-
rection is applied as a multiplying factor to the fragmentation
yield:

Y (Z, θ ) = Yraw(Z, θ )P(Z, θ ), (7)

where Yraw(Z, θ ) is the yield subtracted, of Eq. (3), before the
purity correction application. The obtained Y (Z, θ ) is the one
entering Eq. (1). The purity correction is found to be more
than 90% for all the fragment charges Z, with the exception
of the case of the Li, for which the purity goes down to the
70%. This drop is due to the contamination of events with
a pair of He fragments entering in a single TW bar cross
which release an energy �E comparable to the one of a Li,
causing a misidentification of the two He ions in a Li. Two
He fragments emitted in a narrow angle is a well known
process in fragmentation physics at these energies—see for
example [20]—and for the FOOT setup of this analysis it is
an unavoidable contamination for Li fragments.

2. Unfolding procedure

As already pointed out, the detector effects on angle
measurement have to be taken into account when dealing
with angular differential cross sections. In particular, multiple
Coulomb scattering and TW granularity play a major role. To
evaluate these effects, the matrix θtrue vs θreco is built (in the
following the response matrix), where θreco is the measured
scattering angle with respect to the original oxygen beam
direction, while θtrue is the production angle of fragments born
in the target (the scattering inside the target was found to be
negligible).

The unfolding procedure [33] is based on a Bayesian iter-
ative algorithm [34, 35] as implemented in RooUnfold [36].
In the unfolding of binned data, the effects of the acceptance
and resolution are expressed in terms of a two-dimensional
response matrix, Ci j , where each element corresponds to the
probability of an event in the ith generator-level bin being
reconstructed in the jth measurement bin. The unfolding al-
gorithm combines the measured spectrum with the response
matrix to form a likelihood, takes as input a prior for the
specific kinematic variable, and iterates using the posterior
distribution as prior for the next iteration. The MC distribution
is used as the initial prior and three iterations are performed.
The number of iterations is optimized to balance the unfolding
stability with respect to the previous iteration and the growth
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FIG. 3. Normalized response matrix of the He fragments. Only
bins where the migration is greater than 0.1% are shown.

of the statistical uncertainty. The final choice of three itera-
tions is driven by the minimization of the average correlation
factor [33].

The response matrix for the angular distribution of the
He fragments is taken as an example of the impact of the
unfolding correction, and is shown in Fig. 3. In order to ensure
that the MC sample used for the unfolding training is not intro-
ducing a bias on the data measurement, a study is performed
by changing the pseudodata distribution. The MC angular
spectrum is re-weighted using continuous functions to alter
the final shape with the same binning. The study confirms that
the altered shapes unfolded based on the nominal corrections
are preserved within statistical uncertainties.

3. Efficiency

The efficiency for each Z and for each angle θ is computed
in order to account for the fragments not reconstructed by the
TW detector. Also fragments produced in the TG, within the
TW detector acceptance (θ < 5.7◦), but not reaching the TW
due to multiple Coulomb scattering or fragmentation in air,
are contributing to the efficiency computation. In particular,
while this last contribution is almost negligible, the impact of
the TW reconstruction, which discards association of X-Y bars
with different Z charges reconstructed, in order to maximize
the purity of the charge Z of the TW points, has an important
impact [24]. The efficiency is defined for each fragment of
charge Ztrue and for each angle θtrue as follows:

ε(Z, θ ) = NTW(Z, θ )

Nprod(Z, θ )
, (8)

where NTW(Z, θ ) are the fragments with charge Ztrue and
emission angle θtrue reconstructed by the TW, and Nprod(Z, θ )
are the fragments with charge Ztrue and emission angle θtrue

produced within the target in the angular acceptance of the
TW detector. The efficiencies are shown in Fig. 4 for each Z.
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FIG. 4. Efficiencies for each reconstructed fragment of charge Z
emitted in the TW acceptance of 5.7◦.

As already mentioned, the most important contribution to
the efficiency reduction arises from the TW reconstruction.
This impact is expected to be more significant for the light
fragments such as He and Li, whereas more crowded events
cause an increase of mismatch of the Z of two associated X-Y
bars. For this reason events with mismatched Z are rejected in
the analysis [24].

C. Systematic uncertainties

Several sources of systematic uncertainties were identified
in the analysis, both on the detectors involved and in the
analysis method. The systematic uncertainties coming from
reconstruction at detector level were evaluated by changing
reconstruction or calibration strategy or parameters used in
the reconstruction and propagating the variation through the
full cross section analysis. Finally the percentage variation
bin by bin of the cross section obtained with respect to
the nominal one is assigned as uncertainty to the cross sec-
tion measured with the data. Two sources of systematics at
detector level have been studied: the impact of the event
selection performed using the BM and the requirements on
the fragments reconstruction inside the TW.

The former systematic has been studied by varying the
selection criteria for the BM reconstructed tracks. Tight and
loose selections of the BM hits to be associated to a track
were implemented and tested to verify the impact on the event
pre-selection on the cross section measurements. The impact
of this systematic uncertainty was found to be negligible.

Another source of systematic uncertainty is related to the
charge reconstruction algorithm in the TW detector. This was
studied by varying in the MC simulation the resolutions,
within the experimental precision, in �E , in TOF, and in
the position measurements that affect the identification of the
fragments in MC simulation and thus the efficiencies and the
purity evaluation. The only significant contribution was found
to be the one related to He (<0.5%). To check the impact

TABLE I. Elemental cross sections measured in this work. The
contribution of the statistical and systematic uncertainties is reported
separately.

Element σ ± �stat ± �sys (mb) �stat/σ �sys/σ

He 671 ± 12 ± 25 1.9% 3.7%
Li 59 ± 3 ± 2 5.6% 3.5%
Be 37 ± 3 ± 1 7.8% 3.0%
B 63 ± 4 ± 2 6% 3%
C 136 ± 6 ± 4 4.4% 3.1%
N 117 ± 6 ± 4 5.4% 3.0%

on the ZID reconstruction, also the Bethe-Bloch parametrized
curves, extracted from a fit of the plot of �E vs TOF at the
true MC level, as explained in [24], were moved within the
statistical uncertainty. The impact of this variation is small
for all the fragments (<0.5%), and still maximum for helium.
Finally the impact on the ZID coming from the TW cali-
bration strategy was tested. In the TW calibration each �E
peak is fitted and calibrated to the MC value with a Birks fit
[24,27,32]. By varying the �E fitted mean value within its
statistical uncertainty, an impact ranging between 0.1% and
2% was found.

The systematic uncertainty on the unfolding procedure
was assessed by unfolding the MC angular distribution us-
ing a different unfolding method with respect to the nominal
one (Bayesian iterative). The iterative dynamically stabilized
(IDS) method [37] was chosen as alternative method using
the same number of iterations. The difference on the un-
folded spectra between the two methods lies in the interval
[0.1,3.6]%, where the biggest impact is on some angular bins
of the heavier fragments.

Finally, the robustness of the reconstruction procedure,
including the background subtraction exploiting target-out
fragmentation, was checked. The use of a background sub-
traction approach, given its statistical nature, introduced an
uncertainty in the cross section reconstruction. As reported
in Sec. III B, the analysis method was validated looking at
the agreement between true and reconstructed MC cross sec-
tions after the unfolding procedure. The difference between
the true and the reconstructed MC cross sections takes into
account all the intrinsic limitations of the adopted strategy.
This contribution was found to have an impact for all the
fragments in the range [0.3,2.5]% for total cross sections and
it can be as high as 10% for angular differential cross sections.

The numerical evaluation of the overall contributions of the
systematic uncertainties is shown in Tables I and II.

IV. RESULTS

In Fig. 5 the elemental fragmentation cross sections for the
production of He, Li, Be, B, C, and N in the interaction pro-
cess of a 16O beam of 400 MeV/nucleon on a graphite target,
integrated over the solid angle covered, θ � 5.7◦, are reported,
along with statistic and systematic uncertainties (discussed in
Sec. III C). Despite the 16O beam being delivered at an energy
of 400 MeV/nucleon, the effective energy per nucleon at the
target was a bit lower due to previous energy losses and it was
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TABLE II. Angular differential cross section measured in this
work. The contribution of the statistical and systematic uncertainties
is reported separately.

Z θ (deg) dσ/d�±�stat ± �sys �rel
stat �rel

sys

(b sr−1)
He 0–0.6 101 ± 13 ± 3 12.6% 3.4%

0.6–1.2 82 ± 6 ± 3 7.3% 3.1%
1.2–1.8 63 ± 3 ± 2 5.1% 3%
1.8–2.4 43.2 ± 2.1 ± 1.5 4.8% 3.4%
2.4–3 32.5 ± 1.2 ± 1.1 3.6% 3.2%
3–3.6 19.9 ± 0.9 ± 0.7 4.4% 3.4%

3.6–4.2 14.1 ± 0.6 ± 0.4 4.2% 3.1%
4.2–4.8 9.5 ± 0.4 ± 0.3 4.2% 3.1%
4.8–5.7 5.7 ± 0.3 ± 0.8 4.6% 14.5%

Li 0–0.6 10.6 ± 3.5 ± 0.6 32.9% 6.0%
0.6–1.2 9.4 ± 1.7 ± 0.3 17.9% 3.2%
1.2–1.8 6.0 ± 1.1 ± 0.2 18.0% 3.0%
1.8–3 3.8 ± 0.3 ± 0.1 7.2% 3.2%
3–4.2 1.18 ± 0.09 ± 0.05 7.6% 4.1%

4.2–5.7 0.289 ± 0.022 ± 0.018 7.8% 6.2%

Be 0–0.6 11.8 ± 2.6 ± 0.4 22% 3%
0.6–1.2 6.7 ± 1.4 ± 0.3 21% 5%
1.2–1.8 4.2 ± 0.9 ± 0.1 21.4% 3.2%
1.8–3 2.1 ± 0.3 ± 0.1 13% 3%
3–5.7 0.305 ± 0.036 ± 0.013 12% 4%

B 0–0.6 27.6 ± 5.8 ± 1.7 21% 6%
0.6–1.2 20.1 ± 1.7 ± 0.6 9% 3%
1.2–1.8 9.4 ± 0.9 ± 0.5 9.8% 5.2%
1.8–2.4 3.9 ± 0.5 ± 0.1 12% 3%
2.4–5.7 0.282 ± 0.043 ± 0.009 15% 3%

C 0–0.6 83 ± 13 ± 3 15% 4%
0.6–1.2 51 ± 3 ± 2 5.7% 3.4%
1.2–1.8 19.1 ± 1.3 ± 0.7 6.9% 3.9%
1.8–3 3.6 ± 0.3 ± 0.2 8.0% 4.5%
3–5.7 0.09 ± 0.03 ± 0.01 32.6% 5.3%

N 0–0.6 158 ± 14 ± 7 9% 4%
0.6–1.2 39.7 ± 2.8 ± 2.7 7.1% 6.8%
1.2–2.4 4.6 ± 0.6 ± 0.4 13% 8%
2.4–5.7 0.073 ± 0.018 ± 0.012 25% 17%

estimated by MC simulation to be equal to 393 MeV/nucleon
at the center of the target. The cross sections were measured
according to Eq. (5); the yields of Eq. (3) were considered
after the unfolding procedure and all the needed corrections,
discussed in Sec. III, were applied.

The results for the elemental cross sections for He, Li,
Be, B, C, and N are also reported also in Table I, where the
statistical and systematic uncertainties are reported separately
and their weight on the final value is reported. There it is
possible to see that the systematic uncertainty is always lower
than the statistical one, which is mainly driven by the limited
statistics of the sample without target. As previously reported
from the 2019 FOOT campaign [24], to our knowledge, there
are no relevant measurements for He and Li at these energies,
while there are some for Z � 4 [20,21]. Moreover, no new
measurements were published between [24] and the writing

FIG. 5. Elemental fragmentation cross sections for the produc-
tion of He, Li, Be, B, C, and N fragments in the interaction process
of a 16O beam of 400 MeV/nucleon on a graphite target, integrated
over the solid angle covered by the FOOT setup, θ � 5.7◦.

of this work. The obtained elemental cross sections are then
directly comparable with our previous measurements, since
the angular acceptance was the same and the velocity range of
this work is slightly larger but with a minimum impact on the
results. In our previous work [24], the main comparison was
performed with the work of Zeitlin and collaborators [20], a
paper providing elemental cross sections within an angular
acceptance of � 7◦ with a 375 MeV/nucleon 16O beam, an
energy slightly lower with respect to this work. In particular,
in [20], only Z � 5 cross sections were provided, allowing
a fair comparison despite the different angular acceptance
given the mostly forward production of such fragments. In our
previous work [24] we concluded that the results seemed to
confirm those in [20]. In this work, we confirm our previous
measurements regarding Be, C, and N, while for He, B this
result is slightly lower but still comparable within the uncer-
tainties. The largest difference involves the Li results. This is
due to the impact of the purity correction (see Sec. III B 1)
which was completely underestimated in the previous work
[24]. The observed discrepancies between the two analysis
come from this correction, together with the very few statistics
collected in that campaign. The effect of the absence of the
purity correction in previous work is the overestimation of the
cross sections for those fragments for which the correction is
larger. While the correction is almost negligible for most of
the fragments, for Li is important due to the events of He ions
pairs, which release in a TW bars’ crossing an energy similar
to the one released by a Li, as discussed in Sec. III B 1.

The final results for the angular differential cross sec-
tions are shown in Fig. 6 and in Table II. To our knowledge,
in this case, there are no previous results to compare with.
Thanks to the unfolding techniques, we succeeded in reducing
the systematic uncertainties on the angular spectrum, although
the limited statistics of the without-target sample gave an
important contribution to the statistical uncertainties going
from 3% to 20% on average except for a 33% contribution
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FIG. 6. Angular differential cross sections for the production of He, Li, Be, B, C, and N fragments in the interaction process of a 16O beam
of 400 MeV/nucleon on a graphite target. The results are given in bins of angle θ with θ � 5.7◦.
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in the first bin of Li. As already mentioned, the number of
bins and their width were carefully chosen considering the
available statistics in order to have a reasonable number of
fragments in each bin.

V. COMPARISON WITH PROMINENT NUCLEAR
INTERACTION MODELS

The experimental angular differential cross sections were
compared with theoretical predictions from four different nu-
clear interaction models used in Monte Carlo codes, as shown
in Fig. 7. FLUKA [30] was used alongside three distinct
Geant4 [38–40] hadronic models: binary ion Cascade (BIC)
[41], quantum molecular dynamics (QMD) [42], and Liège
intranuclear cascade (INCL++) [43].

BIC was implemented using G4IonPhysics, a specialized
physics library designed to handle ion-ion interactions. It
implements a combination of models to cover a wide range
of energies and interaction types for light ions (deuteron, tri-
ton, 3He, alpha) and generic ions (Z > 2). The G4IonPhysics
library uses Glauber-Gribov cross sections for all nucleus-
nucleus interactions, implementing the binary light ion (BIC)
model with precompound/deexcitation for the low energy
regime and the FTFP (Fritiof string model with precom-
pound/deexcitation) for energies above 3 GeV/nucleon.

QMD was implemented via the G4IonQMDPhysics library
which is often used for applications involving light ion trans-
port, such as medical physics and space radiation studies. This
library provides a microscopic approach to simulate nuclear
collisions by treating nucleons as wave packets that evolve
according to quantum molecular dynamics. This approach al-
lows for a more realistic representation of nuclear interactions
compared to simplified models.

Both these models are extended with the use of
G4HadronPhysicsQGSP_BIC, which represents a compre-
hensive approach to hadronic interaction modeling, combin-
ing the quark-gluon string precompound (QGSP) model with
the binary intranuclear cascade (BIC) model. This physics
library finds wide application in various simulation sce-
narios, from high-energy physics experiments to medical
applications.

The third model used in Geant4 is INCL++, which treats
nuclear reactions as a series of independent nucleon-nucleon
collisions within the target nucleus. It models nucleons as a
free Fermi gas within a static potential well. It defines partic-
ipants as projectile nucleons entering a calculated target vol-
ume. The collision is treated asymmetrically: a quasiprojectile
is formed from projectile spectators and noncascading partici-
pants, while the quasitarget final state results from the full cas-
cade dynamics within the calculation volume, yielding a more
reliable description of the target remnant. Due to its strength in
reproducing target fragmentation, INCL++ typically operates
in inverse kinematics (target impacting projectile) by default
to better simulate projectile fragmentation. If both projectile
and target mass number exceed A = 18, the simulation de-
faults to using the aforementioned BIC model instead.

Regarding FLUKA simulation, for projectile ener-
gies above 150 MeV/nucleon nucleus-nucleus collisions
are treated using an interface to a modified rQMD-2.4

(relativistic quantum molecular dynamics) model [44,45],
which can also be run as intranuclear cascade. Examples of
FLUKA results compared to experimental data when running
the modified rQMD-2.4 model can be found in [46–48]. Al-
though initially developed for high energies, the model could
be extended down to the energies of interest of the FOOT
experiment. The model is also coupled to a preequilibrium
stage, which, in FLUKA, is managed by the PEANUT (pree-
quilibrium approach to nuclear thermalization) model [49,50].
Here preequilibrium is based on the developments of the GDH
(geometry dependent hybrid) exciton model [51]. The late
stages of the interaction (fragmentation and evaporation) are
then modeled, for nuclei with A < 17, by means of a phase
space Fermi breakup model [52,53].

Across all six plots of Fig. 7, the BIC model consistently
and significantly underestimates the experimental cross sec-
tion data, predicting a much flatter angular distribution than
the data, especially for the lighter fragments. FLUKA simula-
tion, for He, Li, Be, and B, shows generally good agreement
with the data. The model used in FLUKA is able to capture
the trend of decreasing cross section with increasing angle
quite well apart from some deviations, for instance predicting
a narrower spectrum for B at larger angles while for C and N
fragments it tends to underpredict the value of the cross sec-
tion. The INCL++ model shows very good agreement with the
data for most fragments, following experimental points across
the whole angular range except for a consistent underestima-
tion of Be cross section. The QMD model gives also similar
results but it appears to underestimate the cross sections at cer-
tain angles predicting a narrower angular distribution for most
fragments, in particular for Li and Be. In conclusion, FLUKA,
INCL++, and QMD models show significantly better agree-
ment with the FOOT experimental data compared to the BIC
model, which consistently underestimates the cross sections.
Among the better-performing models, INCL++ and QMD
appear to provide the most consistently accurate predictions
across the range of fragments (from He to N) shown in these
plots, closely followed by FLUKA, which performs well for
lighter fragments but tends to underestimate the production of
heavier fragments such as C and N in this specific reaction and
energy regime.

VI. CONCLUSIONS

This paper presents the analysis of the measurement of the
elemental fragmentation cross sections and the first measure-
ment of differential angular cross sections for the forward
production (θ � 5.7◦) of He, Li, Be, B, C, and N nuclei
by a 400 MeV/nucleon 16O beam interacting with a 5 mm
graphite target. The integrated cross sections were already
published by the FOOT Collaboration [24] and also in other
works [20,21] only for the production of fragments with
Z � 5. A reduced FOOT setup, consisting of a beam moni-
tor drift chamber and a system of scintillating detectors for
the energy loss (�E ) and the time of flight (TOF) mea-
surements, provided sufficient identification capabilities to
resolve fragments with different charge Z and measure their
emission angles. As with previous measurements [24] the
overall relative statistical uncertainty exceeds the systematic
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FIG. 7. Angular differential cross sections for the production of He, Li, Be, B, C, and N fragments in the interaction process of a 16O beam
of 400 MeV/nucleon on a graphite target together with FLUKA and Geant4 predictions with four different models (see inset).
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uncertainties, indicating that limited statistics significantly
impact measurement precision. In particular the low statistics
of the sample without the target is primarily responsible of
the overall relative statistical uncertainty. This limitation also
affected the number of bins chosen for the differential angu-
lar cross sections, requiring a compromise between available
statistics and the number of bins. Despite the reduced experi-
mental setup and available statistics, the measured elemental
fragmentation cross sections successfully addressed the data
gaps needed for PT and RPS applications, particularly regard-
ing angular differential cross sections measured for the first
time. The integrated cross section results can be compared
to those previously published by our collaboration [24] and
by Zeitlin and collaborators [20]. This analysis confirmed our
previous measurements of Be, C, and N cross sections, while
for He and B the results are slightly lower but still comparable
within uncertainties. The differences observed for these ions,
and particularly for Li, are due to the impact of the purity cor-
rection not considered in the previous work. For this reason,
these new results supersede the ones presented in [24]. Our
results are in agreement with the results in [20], where they
measured the elemental cross section production of B, C, and
N, with a setup with an angular acceptance similar to the one
used for this analysis and for an 16O beam of similar energy.
As stated in [24], these results helped discriminate between
conflicting results from earlier studies [20,21]. The angular
differential cross sections were compared with theoretical pre-
dictions from prominent nuclear interaction models for the

energy range and interacting systems of interest for FOOT.
While the BIC model fails to accurately reproduce both the
magnitude and angular dependence of the cross sections, the
FLUKA model, as well as the QMD and INCL++ models
from Geant4, show good agreement with the experimental
data. Among these, the INCL++ model most closely matches
the measured angular distributions and cross section values,
with the notable exception of the beryllium (Be) data. The
performed measurements demonstrate that the FOOT experi-
mental setup operated in the 2021 GSI campaign, even with
a limited number of collected events and with a reduced
number of operating detectors, can provide valuable cross
section measurements.
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