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The measurement of fragmentation cross sections for nuclei up to 56Fe on light elements found in the human

body (e.g., H, C, and O) is of fundamental importance for particle therapy (PT) and radioprotection in space

(RPS), as well as for advancing cosmic-ray physics. These measurements can significantly improve the accuracy

of dose calculations for patients during PT treatments and for astronauts exposed to cosmic radiation during

deep-space missions. Among the many ions of interest, 16O is used in PT and is the most abundant species

within the HZE component of cosmic rays. This paper presents the results of angular nuclear fragmentation cross

sections for the production of He, Li, Be, B, C, and N nuclei in the interaction of a 400 MeV/nucleon 16O beam

with a hydrogen and polyethylene target. The fragmentation on the hydrogen was measured by combining the

results on polyethylene with recent measurements on a graphite target. While the fragmentation on hydrogen is

fundamental for improving nuclear interaction models, allowing more accurate predictions of dose distributions

in PT and RPS, polyethylene has proven to be a promising shielding material in radiation protection models. The

data analyzed were collected in 2021 at the GSI Helmholtz Center for Heavy Ion Research facility in Darmstadt

(Germany) by the FOOT Collaboration. All results were compared with different Monte Carlo models for light

ion fragmentation physics in the energy range of interest implemented in FLUKA and Geant4.

DOI: 10.1103/17nq-3ddt

I. INTRODUCTION

Nuclear fragmentation cross-section measurements have

a significant impact across various scientific fields, particu-

larly in particle therapy (PT) and space radioprotection (RPS)

for the safety of human space missions [1,2], as well as in

cosmic-ray physics [3]. In PT, nuclear interactions of primary

ion beams with the human body leads to the production of

secondary fragments. The availability of fragmentation cross

section measurements is fundamental for having accurate pre-

dictions of dose distribution within human tissue, thereby

minimizing damage to healthy cells and determining the bi-

ological effectiveness of therapies [4–6]. Similarly, accurate

fragmentation data are essential for assessing radiation risks

to astronauts from Galactic Cosmic Radiation (GCR) and

Solar Particle Events (SPEs), facilitating the development of

effective shielding strategies against these complex radiation

environments [7–9].

Although these two fields of study are quite different,

they exhibit some overlap in the types of beams, targets,

and energy ranges of interest. In PT, attention is focused on

the fragmentation of light ions with Z � 10 interacting with

elements that constitute the human body, mainly H, C, and

O, in the energy range 100–600 MeV/nucleon [1]. Studies

of fragmentation in RPS extend the investigation from hy-

drogen (1H) to iron (56Fe) over a broader energy interval,

100–1000 MeV/nucleon [2]. For RPS, the targets of interest

are those employed in the optimization of astronaut shield-

ing, which mainly consist of hydrogen-rich materials [10].

However, the limited availability and insufficient precision

of fragmentation cross section measurements [11–13] prevent

achieving the level of accuracy required for the calculation of

the biological dose delivered by secondary fragments in PT

and RPS applications [14,15].

While some key measurements have been performed

already [16–25], they still cover only a limited set of beam-

target-energy configurations. In order to measure the missing

fragmentation cross sections for these applications, dedicated

experimental campaigns are needed to fill these gaps. A sys-

tematic measurement of the missing fragmentation cross sec-

tions would provide the necessary benchmarks to validate and

improve the nuclear models currently implemented in Monte

Carlo (MC) and deterministic transport codes, which are ex-

tensively used for dose evaluations in these contexts [26,27].
Fragmentation cross sections on a hydrogen target are es-

sential to compute the dose deposited by fragments in both
patients and astronauts with the required accuracy, as hydro-
gen, alongside carbon and oxygen, is one of the most abundant
elements in the human body. While further data on hydro-
gen fragmentation for various ion beams are still needed,
the fragmentation of 16O is of particular interest. This ion is
increasingly utilized in PT facilities alongside p,4He, and 12C
[1]. Simultaneously, 16O is the most abundant species among
the HZE (high atomic number Z and energy E ) components of
cosmic rays after carbon [2,3], and it contributes significantly
to the total dose, exceeded only by 56Fe and 28Si [2]. Since
measuring 16O fragmentation directly on a liquid hydrogen
target is experimentally challenging (see Sec. III B), the cross
sections can be derived via stoichiometric subtraction from
measurements on C2H4 and C targets.

Notably, fragmentation cross sections of 16O on C2H4 are
also of direct interest for RPS applications. In this context,
light materials seem to be particularly effective as shields
against space radiation [2,7], and liquid hydrogen has the
maximum performance as shield material. However, hydrogen
is not a practical shield material, being a low temperature
liquid, so polyethylene (C2H4) can be a good compromise
[9,10]. The better shielding performance of light materials
arises from their ability to maximize energy loss per unit mass,
minimizing the production of secondary particles, which con-
stitute a significant portion of the dose equivalent behind thick
shields [9]. While aluminum shielding can lead to an increase
in dose equivalent beyond approximately 20 g/cm2 due to
secondary particle buildup, polyethylene has been shown to
monotonically reduce the dose equivalent with increasing
thickness [10]. As shown in [10], significant discrepancies
remain in the calculated dose beyond the shielding when
different nuclear interaction models are employed. Accurate
fragmentation cross sections for these specific beam-target
combinations are essential to constrain and reduce such
uncertainties.

The FOOT (FragmentatiOn Of Target) experiment was
designed to address these data gaps, by measuring nuclear
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FIG. 1. Schematic representation of the GSI experimental setup.

fragmentation cross sections from interactions between var-
ious ion beams and targets relevant to both PT and RPS [28].
A detailed description of the FOOT experiment, along with
some preliminary results, can be found in [23,24,28,29]. The
data analyzed in this work were acquired during the same
data taking campaign at the GSI Helmholtz Center for Heavy
Ion Research in Darmstadt analyzed in [24], where the mea-
surements of the fragmentation of a 400 MeV/nucleon 16O
beam interacting with a graphite target are described. At that
stage, only a portion of the final FOOT detector, namely,
the same setup used in [24], was available. The apparatus
was composed of a beam monitor [30] before the target and
a Time Of Flight (TOF) system [31,32]. These components
enabled the identification of the fragment charge Z and the
reconstruction of the emission angle.

This work presents the measurements of elemental integral
and angular differential cross sections for the production of
He, Li, Be, B, C, and N fragments, resulting from the in-
teraction of a 400 MeV/nucleon 16O beam with a 10 mm
polyethylene (C2H4) target. By combining these results with
the same measurements on a C target, described in [24], the
fragmentation cross sections for a hydrogen target were finally
derived (see Sec. III B).

These measurements provide new data for the fragmenta-
tion of 16O on hydrogen and polyethylene, for which angular
differential cross sections were previously unavailable in the
literature to our knowledge. The hydrogen data are fundamen-
tal for improving nuclear interaction models, allowing more
accurate predictions of dose distributions in PT and RPS.

II. MATERIALS AND METHODS

A. Experimental setup

The FOOT detector configuration adopted for this cam-
paign was identical to that used in [24], where a detailed
description of the experimental setup is provided.

The FOOT detector was installed in Cave-A (HTA) of the
GSI facility. In Fig. 1 a schematic view of the experimental
setup is shown. Upstream the target (TG), two detectors, the
Start Counter (SC) [31] and the Beam Monitor (BM) [30],
measured the incoming oxygen ions. Both detectors were
designed with a minimal material budget to reduce pretar-
get fragmentation. All the setup operated in air. The SC, a
250 µm thick plastic scintillator, provided the TOF start with
a resolution of about 50 ps, while the BM, a 12-layer wire
drift chamber with X-Y readout, tracked the beam with spatial
resolution better than 60 µm.

Downstream of the target, the TOF wall (TW) detec-

tor [32], composed of two orthogonal layers of plastic

scintillator bars, measured the energy deposition �E with

σ (�E )/�E ∼ 5%, the TOF stop with ∼20 ps resolution for
16O ions [33] and the hit position of the fragments with a

granularity of 2 × 2 cm2 given by the bar crossing dimension.

The TW was positioned 193 cm downstream from the target

to ensure large acceptance and accuracy in the polar angle

measurement for He and heavier fragments. The geometri-

cal acceptance and detector granularity minimized pileup to

below 1%, as shown by Monte Carlo simulations reported

in [23,28]. The polar angle acceptance for this analysis is

θ � 5.7◦.

The charge Z identification (ZID) of each fragment was

performed using the measurement of the energy �E deposited

in the TW and the Time Of Flight (TOF) of the fragments

through a parametrization of �E with a Bethe-Bloch as a

function of the TOF [23]. Each fragment was associated with

a pair of orthogonal bars (X and Y), forming a TW point. Only

bar pairs with consistent reconstructed charge were clustered

[23,24].

B. Data sample

Two data samples were collected: one with a 16O beam

of 400 MeV/nucleon impinging on a 10 mm polyethylene

(C2H4) target and another acquired without target. The sec-

ond sample was used to evaluate the background due to the

fragmentation of the beam occurring outside the target, in the

air crossed by the beam along its path and in the FOOT setup

itself (see Sec. III). In particular, the present analysis makes

use of the very same no-target dataset used in [24].

The data sample with the polyethylene target was collected

using two different trigger strategies: the Minimum Bias (MB)

trigger was issued whenever a primary ion of 16O goes through

the SC, while the fragmentation trigger (FRAG) rejected most

of the primary oxygen ions reaching the TW, and was issued

in presence of TW hits due to fragments of interest for cross

section measurement. More details about the trigger strategies

adopted can be found in [24,34]. The total numbers of events

collected with the MB trigger were 4.38 × 106 and 1.07 × 106

for the FRAG trigger. During MB runs the information on

whether the FRAG trigger conditions would have been satis-

fied was also stored, allowing the determination of the fraction

of MB events that would have been labeled as FRAG. By

exploiting this, the ratio between the number of events fulfill-

ing the FRAG conditions and the total number of MB events

was computed. This ratio, referred to as the FRAG trigger

acceptance factor εFRAG
trig , was found to be (17.73 ± 0.03)%.

Approximately 5.71 × 104 events were collected with the MB

trigger in the configuration without the target, for background

evaluation purposes. In Fig. 2, the effect of the FRAG trigger

compared to the MB is evident from the energy released

in the TW.

C. Monte Carlo simulation

Corresponding to the two data samples, two detailed Monte

Carlo (MC) simulations of the full apparatus were carried
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FIG. 2. Energy loss distribution in the TW central bars. The

impact of the fragmentation trigger is evident from the suppression

of the last peak corresponding to the energy release of the oxygen

ion beam.

out using the FLUKA Monte Carlo code [35]: one with a

polyethylene target and one without a target, consisting of

107 and 1.5 × 107 events, respectively. The simulations ac-

curately reproduced the detector geometry, passive materials,

and alignment adjustments [36]. The spatial resolution of the

BM, the energy loss, and TOF resolutions in SC and TW were

extracted from data as described in [23,30–32] and used for

a Gaussian smearing of the quantities computed by FLUKA.

In the following, quantities extracted directly from FLUKA

at production level, before any detector simulation, digitiza-

tion, or reconstruction is applied, are referred to as true MC

quantities. For example, Ztrue and θtrue denote the charge and

emission angle of a fragment as produced in the target by

FLUKA. In the same way the true MC cross section in the text

refers to the FLUKA cross section at production level. The

Monte Carlo simulations were used to evaluate reconstruction

efficiencies and apply MC corrections for all fragments, to

unfold the angular distributions, and to validate the analysis

strategy adopted to measure the fragmentation cross sections,

as described in more detail in Sec. III A.

III. ANALYSIS STRATEGY

A. Polyethylene target cross section

The objective of the analysis was to extract angular cross

sections for a 400 MeV/nucleon oxygen beam against a

polyethylene target for the forward production of He, Li, Be,

B, C, and N nuclei within the 5.7◦ angular acceptance of the

setup. Integrating the angular differential cross section over

the covered angular range, the elemental cross section for

the production of each charge was obtained. The analysis

strategy employed for this measurement is summarized in the

following and it is the same described in more detail in [24].

The formula for the angular cross section can be obtained

as follows:

dσ

d�
(Z, θ ) =

Y (Z, θ )

NprimNTGε(Z, θ )��
, (1)

where Y (Z, θ ) is the number of fragments of a given charge

Z at a given angle θ , Nprim is the total number of primaries,

NTG is the number of interaction centers in the target, ε

the efficiency correction, and �� is the solid angle bin

width. The number of interaction centers in the target is

given by

NTG =
ρdNA

A
, (2)

where ρ = 0.94 g/cm3 is the polyethylene target density, d =

10 mm is the target thickness, NA is the Avogadro number,

and A = 28.0534 g/mol is the molar mass of the ethylene

monomer constituting the polyethylene. The angle θ is the

angle between the track of the primary measured by the BM

and the track of the fragment. This last track was reconstructed

starting from the impact point of the primary on the target,

and the impact point of the fragment on the TW. This re-

construction procedure was applied identically to both the

target and no-target runs. The contribution of the out-of-target

fragmentation, mainly in air and in the FOOT detectors, was

taken into account using the run taken with the 16O beam

without a target. The yield of the fragments with charge Z

at a given angle θ is then given by

Y (Z, θ )

Nprim

=
YTG(Z, θ )

Nprim,TG

−
YnoTG(Z, θ )

Nprim,noTG

, (3)

where YTG(Z, θ )/Nprim,TG is the number of fragments over

the number of primaries for the run with the polyethylene

target and YnoTG(Z, θ )/Nprim,noTG is the same quantity in the

case of the run without a target. YTG(Z, θ )/Nprim,TG was cal-

culated as a weighted average between MB and FRAG data

samples.

The number of primaries in MB runs is the number of

events that overcome certain cuts for pileup removal on SC

and BM in order to ensure a single primary particle for each

event. As mentioned in Sec. II B, the number of primaries in

FRAG runs was instead recovered by dividing the number

of FRAG trigger events by the trigger acceptance factor.

After the selection cuts and the rescaling, the numbers of

primaries were 3.65 × 106 for MB runs and 4.15 × 106 in the

case of FRAG trigger. The selected events in the background

run were 5.24 × 104, for this reason the background statistics

dominates the uncertainty in the cross section measurements.

The minimum angular bin width was chosen according to

the TW granularity, and it is 0.6◦. The total production cross

section for each different charge was obtained by integrating

the angular cross section in the angular acceptance of the

experiment of 5.7◦:

σ (Z ) =

∫

�

∂σ

∂�
=

Y (Z )

NprimNTGε(Z )
. (4)
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The MC simulation (Sec. II B) was used to compute the

efficiencies and the corrections needed in the measurement

of the fragmentation cross sections [Eqs. (1) and (4)] and

to verify the analysis strategy. A purity correction, discussed

in Sec. III A 1, was 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 TW detector. The

efficiency, described in Sec. III A 3, was used to recover the

fragments lost in the reconstruction process.

The reconstructed MC cross sections, obtained using the

analysis workflow described above, differential in angle for

each charge Z , were compared to the true MC production

values, defined by selecting fragments with known (Ztrue, θtrue)

produced within the TW angular acceptance (θtrue � 5.7◦).

A residual discrepancy between reconstructed and true MC

cross sections was observed and attributed to the migration

between angular bins caused by the TW limited granularity.

This discrepancy was corrected with an angular unfolding

procedure in the analysis (see Sec. III A 2), which allowed us

to dramatically improve the agreement between reconstructed

and true MC cross section, especially in the case of carbon

(Z = 6) and Nnitrogen (Z = 7) fragments, for which a narrow

angular distribution is expected [28]. In the analysis, the raw

yields, obtained from subtracting the data without target from

the data with target, were corrected using purity, then the

angular unfolding was applied and finally the efficiency. The

full analysis workflow, considering background subtraction,

purity correction, angular unfolding, and efficiency correc-

tion, was validated on MC, comparing the obtained cross

section with the FLUKA production cross section and was

applied identically to data. The final results for the charge-

changing and elemental cross sections are reported in Sec. IV.

1. Purity correction

The charge identification (ZID) of the TW detector relied

on energy loss (�E ) and time-of-flight (TOF) measurements

[23]. Due to finite resolution, a purity correction was intro-

duced to account for Z misidentification. It is defined as

P(Z, θ ) =
N (Zreco = Ztrue, θreco)

N (Zreco, θreco)
, (5)

and applied as a multiplicative factor to the raw yield in

Eq. (3). Similarly to the results of [24], the purity exceeded

90% for most fragment charges, except for lithium (Z = 3),

where the value dropped to 70%. The drop was due to un-

avoidable contamination from two collinear He fragments

depositing an energy comparable to Li in the TW, leading to

Li misidentification (see the description of this process also in

[17]).

2. Angular unfolding

When extracting angular differential cross sections, de-

tector effects on the reconstructed polar angle, dominated

by multiple Coulomb scattering and TW granularity, were

corrected with a Bayesian iterative unfolding ([37–39]) im-

plemented in RooUnfold [40]. The procedure, as described

in [24], foresaw the construction of a two-dimensional re-

sponse matrix Ci j , derived from simulation, that relates the

reconstructed angle θreco measured with respect to the inci-

dent 16O beam to the true production angle θtrue of fragments

emerging from the target. The latter is defined as the emission

angle of the fragment at the target exit, since intratarget scat-

tering was found to be negligible. In this way both acceptance

and resolution migrations were encoded. The spectrum of the

measured fragments and Ci j define a likelihood that is itera-

tively updated, starting from the MC distribution as the prior;

three iterations, chosen by minimizing the average correla-

tion factor, achieve a balance between stability and statistical

fluctuations.

3. Efficiency correction

The efficiency ε(Z, θ ) was evaluated for each fragment

charge Z and emission angle θ to account for fragments not

reconstructed by the TW detector. It also included fragments

produced in the target and within the TW acceptance (θ �

5.7◦) but not reaching the detector due to multiple Coulomb

scattering or interactions in air. The efficiency is defined as

ε(Z, θ ) =
NTW(Z, θ )

Nprod(Z, θ )
, (6)

where NTW is the number of fragments with true charge Z and

angle θ reconstructed by the TW, and Nprod is the number of

fragments produced in the target within the TW acceptance.

The dominant contribution to the efficiency loss arised from

TW reconstruction. In fact, in order to have a clean Z identifi-

cation, only pairs of X-Y bars sharing the same reconstructed

Z were selected and clusterized in a TW point. X-Y bars with

different Z charge were rejected and not clusterized as a TW

point. The efficiency reduction was particularly significant

for light fragments (He, Li) due to higher track density and

overlapping hits [23,24] in the forward region (small angles),

as can be seen in Fig. 3, where the efficiencies of the different

fragments as a function of angle are shown.

B. Hydrogen target cross section

The cross section measurements for a carbon target pre-

sented in [24] were obtained under the same beam conditions,

detector setup, and analysis procedures as those used in this

work. For this reason, the results from [24] can be directly

combined with the present data to determine the cross sec-

tion for a hydrogen target.

The use of a dedicated hydrogen target was avoided be-

cause liquid hydrogen requires cryogenic conditions (around

T ≃ 20 K) and involves significant technical and safety

challenges, making its handling and long-term stability par-

ticularly complex. Furthermore, the use of liquid hydrogen

or gaseous hydrogen at feasible pressures would result in a

very low target density, making the measurement inefficient

within reasonable beam times. Therefore, a stoichiometric

subtraction between polyethylene (C2H4) and carbon data to

isolate the hydrogen contribution was adopted. This subtrac-

tion method was already used to calculate differential cross

section results and validated in [18]. The angular differential

064620-5



M. DONDI et al. PHYSICAL REVIEW C 113, 064620 (2026)

0 1 2 3 4 5

 [deg]�

0.4

0.5

0.6

0.7

0.8

0.9

E
ff
ic

ie
n
c
y

He (Z=2)

Li (Z=3)

Be (Z=4)

B (Z=5)

C (Z=6)

N (Z=7)

FIG. 3. Efficiencies of the different fragments as a function of

angle.

cross section for a hydrogen target was extracted as

dσ

d�
[H] =

1

4

(

dσ

d�
[C2H4] − 2

dσ

d�
[C]

)

(7)

where the coefficients reflect the 2:4 C:H stoichiometry of the

ethylene monomer after normalizing to nuclei and correcting

for target areal densities and detector efficiencies.

C. Systematic uncertainties

Several sources of systematic uncertainty were identified

in the analysis, affecting both the detector response and the

analysis procedure. Detector- level reconstruction systematics

were evaluated by modifying the reconstruction or calibration

strategy, or by varying the parameters used in reconstruction,

and then propagating the resulting changes through the full

cross-section analysis chain. For each analysis bin, the per-

centage change of the resulting cross section with respect

to the nominal one was taken as the associated systematic

uncertainty.

Two detector-level sources were investigated in detail: the

event selection based on the BM, and the requirements applied

to fragment reconstruction within the TW. The first one was

studied varying the selection criteria for the BM reconstructed

tracks and was found to be negligible. The second detector-

level contribution was related to the charge reconstruction in

the TW. In Monte Carlo simulation the resolution of energy

loss (�E ), time of flight (TOF), and position, all observables

entering fragment identification, were varied within their

experimental precision and the full analysis was repeated.

Only a small effect was observed, below 0.5%. To probe

the impact on the Z identification (ZID), the Bethe-Bloch

parametrized curves, obtained from fits to �E versus TOF dis-

tributions at true MC level, were shifted within their statistical

TABLE I. Elemental nuclear fragmentation cross sections for a

400 MeV/nucleon 16O beam on a polyethylene target, integrated

over the solid angle covered by the FOOT setup (θ � 5.7◦). Statisti-

cal and systematic uncertainties are reported separately.

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

He 2185 ± 30 ± 94 1.4% 4.3%

Li 183 ± 8 ± 7 4.2% 3.9%

Be 117 ± 6 ± 4 5.6% 3.7%

B 220 ± 8 ± 9 3.7% 4.1%

C 524 ± 14 ± 20 2.6% 3.9%

N 476 ± 14 ± 15 3.0% 3.2%

uncertainties; the induced variations were negligible (<0.5%)

for all fragments, with the largest values being observed for

helium. In addition, the TW calibration strategy was tested:

each �E peak was fitted and calibrated to the MC value using

a Birks fit [23,32,33]; shifting the fitted mean value within

its statistical uncertainty produced effects in the range 0.1–

2%. The systematic uncertainty associated with the unfolding

procedure was assessed by repeating the unfolding of the MC

angular distribution with an alternative algorithm. The nomi-

nal method is Bayesian iterative; as a cross-check the Iterative

Dynamically Stabilized (IDS) method [41] was applied using

the same number of iterations. Differences between the two

unfolded spectra fell in the interval 0.1–3.6%, with the largest

deviations occurring in certain angular bins for the heavier

fragments.

The validity of the full reconstruction procedure, includ-

ing the background subtraction to account for out-of-target

fragmentation and the unfolding procedure, was also exam-

ined. As described in Sec. III A, the analysis method was

validated by comparing the reconstructed MC cross sections,

obtained after all the analysis steps, which were also applied

to data, with the true MC cross sections. The observed dif-

ference included the intrinsic limitations of the full strategy

and was therefore taken as a systematic contribution. Its im-

pact spanned 0.3–3% for total cross sections and could reach

values as high as 10% in angular differential cross sections.

Given its value relative to the other evaluated sources, this

contribution represented the dominant systematic, especially

in the angular distributions. The numerical evaluation of all

systematic contributions entering the cross section measure-

ments is reported in Tables I, II, III, and IV.

The hydrogen cross section was obtained by subtracting the

carbon contribution from that measured on the C2H4 target,

as described in Eq. (7). The systematic uncertainty associ-

ated with this procedure was evaluated through two distinct

contributions, treated as relative uncertainties and combined

to provide the total systematic uncertainty on the hydrogen

result.

The first, dominant, source of uncertainty was defined as

the relative difference between the hydrogen cross section,

derived from the subtraction of the MC reconstructed C2H4

and C cross sections, and that obtained from the subtraction

of the corresponding true cross sections in the MC simulation.

This term was closely related to the validity test discussed
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TABLE II. Angular differential cross sections for a

400 MeV/nucleon 16O beam on a polyethylene target. Statistical

and systematic uncertainties are reported separately.

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

sys

(b sr−1)

He

0–0.6 431 ± 33 ± 19 7.6% 4.4%

0.6–1.2 293 ± 15 ± 12 5.0% 4.0%

1.2–1.8 206 ± 8 ± 7 3.7% 3.5%

1.8–2.4 145 ± 5 ± 5 3.4% 3.6%

2.4–3.0 104 ± 3 ± 4 2.7% 3.7%

3.0–3.6 62.7 ± 2.1 ± 2.1 3.3% 3.4%

3.6–4.2 43.2 ± 1.4 ± 1.5 3.2% 3.5%

4.2–4.8 27.4 ± 0.9 ± 1.0 3.4% 3.8%

4.8–5.7 15.2 ± 0.6 ± 2.2 3.9% 14.5%

Li

0–0.6 39.1 ± 8.4 ± 1.3 21.5% 3.4%

0.6–1.2 30.8 ± 3.9 ± 1.0 12.7% 3.2%

1.2–1.8 19.4 ± 2.5 ± 0.6 13.1% 3.3%

1.8–3.0 11.8 ± 0.7 ± 0.5 5.6% 4.5%

3.0–4.2 3.45 ± 0.21 ± 0.15 6.1% 4.3%

4.2–5.7 0.81 ± 0.05 ± 0.06 6.5% 7.2%

Be

0–0.6 36.7 ± 5.9 ± 1.2 16.0% 3.2%

0.6–1.2 25.0 ± 3.1 ± 0.8 12.6% 3.0%

1.2–1.8 13.7 ± 2.0 ± 0.5 14.7% 4.0%

1.8–3.0 6.34 ± 0.63 ± 0.27 9.9% 4.2%

3.0–5.7 0.87 ± 0.08 ± 0.05 9.3% 5.4%

B

0–0.6 97.8 ± 13.5 ± 3.2 13.8% 3.3%

0.6–1.2 70.0 ± 4.0 ± 2.7 5.8% 3.9%

1.2–1.8 32.0 ± 2.1 ± 1.5 6.6% 4.5%

1.8–2.4 13.9 ± 1.1 ± 0.7 8.0% 5.1%

2.4–5.7 0.98 ± 0.10 ± 0.04 10.0% 4.5%

C

0–0.6 307 ± 29 ± 10 9.5% 3.3%

0.6–1.2 198 ± 6.8 ± 10 3.4% 5.1%

1.2–1.8 73.4 ± 3.0 ± 3.1 4.0% 4.2%

1.8–3.0 14.4 ± 0.7 ± 0.7 4.6% 5.2%

3.0–5.7 0.37 ± 0.07 ± 0.02 19.4% 5.1%

N

0–0.6 500 ± 32 ± 16 6.5% 3.2%

0.6–1.2 199 ± 7.0 ± 10 3.5% 5.0%

1.2–2.4 21.7 ± 1.3 ± 1.1 6.2% 5.0%

2.4–5.7 0.32 ± 0.04 ± 0.02 12.2% 5.4%

TABLE III. Elemental nuclear fragmentation cross sections for

a 400 MeV/nucleon 16O beam on a hydrogen target, integrated over

the solid angle covered by the FOOT setup (θ � 5.7◦). Statistical and

systematic uncertainties are reported separately.

Element σ ± �stat ± �sys [mb] �stat/σ �sys/σ

He 211 ± 10 ± 11 4.6% 5.3%

Li 17 ± 3 ± 1 15% 3.9%

Be 11 ± 2 ± 1 20% 6.2%

B 23 ± 3 ± 1 12% 5.6%

C 63 ± 5 ± 3 7.2% 4.5%

N 61 ± 5 ± 2 7.9% 3.4%
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FIG. 4. Elemental nuclear fragmentation cross sections for the

production of He, Li, Be, B, C, and N fragments in the interaction of

a 400 MeV/nucleon 16O beam with a polyethylene target, integrated

over the solid angle covered by the FOOT setup (θ � 5.7◦).

previously in Sec. III A, and it ranged from 0.2% to a max-

imum of 13%.

The second contribution accounted for the uncertainty re-

lated to the subtraction method itself. Within FLUKA, the

hydrogen cross section directly predicted by the O-H in-

teraction model was compared with the value obtained by

subtracting the O-C MC cross section from the O-C2H4 MC

cross section using Eq. (7). The relative difference observed

in this comparison was smaller than the first contribution, and

it was almost always below 1%, except in a few cases with a

maximum value of 3%.

IV. RESULTS

A. Polyethylene target

Elemental and angular fragmentation cross sections for

the production of He, Li, Be, B, C, and N fragments were

measured for a 400 MeV/nucleon 16O beam impinging on

a polyethylene (C2H4) target. These cross sections refer to

fragments emitted within the solid angle covered by the FOOT

detector, corresponding to polar angles θ � 5.7◦. The values

were extracted following Eq. (1), using the fragments yields

obtained from Eq. (3), after applying the purity correction

and the unfolding procedure, as explained in Sec. III A. As

in [24], although the beam was delivered at a nominal en-

ergy of 400 MeV/nucleon, the effective energy per nucleon

at the center of the target was slightly lower due to up-

stream energy losses. Monte Carlo simulations estimated this

effective value to be approximately 393 MeV/nucleon. The

results for the elemental integral cross sections are shown in

Fig. 4 and the corresponding numerical values are reported

in Table I, with statistical and systematic uncertainties. In
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FIG. 5. Angular differential nuclear fragmentation cross sections for the production of He, Li, Be, B, C, and N fragments in the interaction

of a 400 MeV/nucleon 16O beam with a polyethylene target, binned in angle θ , with θ � 5.7◦.

Fig. 5 and Table II the angular differential cross sections for

the production of He, Li, Be, B, C, and N fragments in the

interaction of a 400 MeV/nucleon 16O beam with a polyethy-

lene target are shown. The number and width of the angular

bins were chosen according to the available statistics of the

no-target sample used for the background subtraction, in or-

der to ensure a sufficient number of fragments in each bin.

The limited statistics of this background run dominated the

statistical uncertainties, which ranged on average from 3%

to 22%, while the systematic uncertainties were generally

smaller in most bins and for all Z with the exception of He

fragments.

B. Hydrogen target

The cross section for the production of He, Li, Be, B,

C, and N fragments for a 400 MeV/nucleon 16O beam in-

teracting with a hydrogen target was obtained using Eq. (7)
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TABLE IV. Angular differential cross sections for a 16O beam of

400 MeV/nucleon on a hydrogen target. Statistical and systematic

uncertainties are reported separately.

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

sys

(b sr−1)

He

0–0.6 57 ± 10 ± 4 18% 6.5%

0.6–1.2 32.4 ± 4.7 ± 2.6 15% 7.9%

1.2–1.8 20.1 ± 2.5 ± 1.1 12% 5.4%

1.8–2.4 14.5 ± 1.6 ± 0.6 11% 4.0%

2.4–3.0 9.68 ± 0.91 ± 0.48 9.4% 4.9%

3.0–3.6 5.72 ± 0.68 ± 0.22 12% 3.8%

3.6–4.2 3.79 ± 0.45 ± 0.20 12% 5.3%

4.2–4.8 2.12 ± 0.30 ± 0.16 14% 7.4%

4.8–5.7 0.93 ± 0.20 ± 0.13 21% 14%

Li

0–0.6 4.5 ± 2.7 ± 0.5 61% 11%

0.6–1.2 2.9 ± 1.3 ± 0.1 44% 3.4%

1.2–1.8 1.86 ± 0.83 ± 0.09 45% 4.8%

1.8–3.0 1.03 ± 0.22 ± 0.08 21% 8.2%

3.0–4.2 0.274 ± 0.069 ± 0.017 25% 6.3%

4.2–5.7 0.057 ± 0.017 ± 0.006 30% 10%

Be

0–0.6 3.3 ± 2.0 ± 0.2 59% 5.0%

0.6–1.2 2.9 ± 1.0 ± 0.1 36% 4.6%

1.2–1.8 1.34 ± 0.68 ± 0.11 50% 8.0%

1.8–3.0 0.56 ± 0.21 ± 0.03 37% 6.2%

3.0–5.7 0.066 ± 0.027 ± 0.006 41% 8.6%

B

0–0.6 10.6 ± 4.5 ± 0.8 42% 7.6%

0.6–1.2 7.5 ± 1.3 ± 0.4 18% 5.8%

1.2–1.8 3.30 ± 0.70 ± 0.14 21% 4.3%

1.8–2.4 1.53 ± 0.37 ± 0.10 24% 6.3%

2.4–5.7 0.105 ± 0.033 ± 0.006 31% 6.2%

C

0–0.6 35.1 ± 9.6 ± 1.1 27% 3.1%

0.6–1.2 24.1 ± 2.2 ± 1.6 9.3% 6.7%

1.2–1.8 8.82 ± 0.99 ± 0.38 11% 4.3%

1.8–3.0 1.81 ± 0.22 ± 0.10 12% 5.6%

3.0–5.7 0.045 ± 0.024 ± 0.003 52% 5.5%

N

0–0.6 46 ± 11 ± 2 23% 3.3%

0.6–1.2 29.9 ± 2.2 ± 1.4 7.5% 4.5%

1.2–2.4 3.10 ± 0.45 ± 0.13 15% 4.2%

2.4–5.7 0.044 ± 0.013 ± 0.002 30% 4.4%

for the angular differential cross section and an analogous

formula for the integral cross section. The results obtained are

shown in Figs. 6 and 7, with the numerical values listed in

Tables III and IV. Also in this case, the dominant uncertainty

was the statistical one, which was obtained considering the

statistical uncertainty of the two measurements of graphite

and polyethylene.

V. COMPARISON WITH LITERATURE

To our knowledge, there are no relevant measurements

for He and Li at the energy considered in this work, while

some data exist for Z � 4 for different beams on a graphite

target [16,22], but no data seem to be available for a

polyethylene target, for either integral or angular differential

cross section. In the case of the hydrogen target, while no

measurements of angular differential cross sections were
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FIG. 6. Elemental nuclear fragmentation cross sections for the

production of He, Li, Be, B, C, and N fragments in the interaction

of a 400 MeV/nucleon 16O beam with a hydrogen target, integrated

over the solid angle covered by the FOOT setup (θ � 5.7◦).

found in the literature, a direct comparison of elemental cross

sections for Z > 4 was possible with the results reported by

Zeitlin and collaborators [17]. In that study, elemental cross

sections were measured within an angular acceptance of 6.7◦,

using a 375 MeV/nucleon 16O beam, slightly lower in energy

than the one used in the present work. A meaningful compar-

ison was possible only for B, C, and N fragments, despite the

different angular coverage, given the predominantly forward

emission of such fragments. In particular, the measured cross

sections for B, C, and N were consistent with those reported

in [17] within the experimental uncertainties. Furthermore,

Webber and collaborators in [16] reported elemental cross sec-

tion measurements at an energy of 441 MeV/nucleon, with

an angular acceptance of 7.7◦. In this case, elemental cross

sections for the production of Be, B, C, and N were provided.

These measurements were in good agreement with the present

results, with the exception of nitrogen, for which Webber

reported a higher value. A summary of these literature results

is shown in Table V and in Fig. 8.

VI. COMPARISON WITH NUCLEAR INTERACTION

MODELS

The measured angular differential cross sections were

compared against theoretical predictions obtained with four

nuclear interaction models employed in Monte Carlo transport

codes, as illustrated in Figs. 9 and 10. The models considered

included FLUKA [35] and three hadronic models available in

Geant4 [42–44]: the Binary Ion Cascade (BIC) [45], Quantum

Molecular Dynamics (QMD) [46], and the Liège Intranuclear

Cascade (INCL++) [47].

The Binary Ion Cascade (BIC) model was implemented

through the G4IonPhysics class, a specialized physics li-

brary in Geant4 designed to handle ion-ion interactions. This
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FIG. 7. Angular differential nuclear fragmentation cross sections for the production of He, Li, Be, B, C, and N fragments in the interaction

of a 400 MeV/nucleon 16O beam with a hydrogen target, binned in angle θ , with θ � 5.7◦.

package incorporates a combination of models in order to

cover a broad range of energies and interaction types for

light ions (deuterons, tritons, 3He, and α particles) as well

as ions with Z > 2. This library employs Glauber-Gribov

parametrizations for cross sections for all nucleus-nucleus

collisions. At low energies, the Binary Ion Cascade model is

coupled with the precompound/deexcitation model and sub-

sequent deexcitation mechanisms, while for energies above

3 GeV/nucleon the simulation switches to the FTFP (Fritiof

string model with precompound/deexcitation) approach.

The QMD model was implemented via the

G4LightIonQMDPhysics library, which is adopted in
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TABLE V. Literature values and results from this work of ele-

mental nuclear fragmentation cross sections for 16O + H interactions

at similar beam energies. The beam energy refers to the energy at

mid-target.

Beam EKin Angular

Ref. (MeV/nucleon) accept. Frag. Z σ (mb)

This work 393 5.7◦

Be 11 ± 2 ± 1

B 23 ± 3 ± 1

C 63 ± 5 ± 3

N 61 ± 5 ± 2

B 25 ± 2

Zeitlin [17] 375 6.7◦ C 60 ± 4

N 58 ± 4

Webber [16]

441 7.7◦

Be 7.0 ± 0.7

B 24.8 ± 1.2

C 64.5 ± 3.2

N 74.5 ± 3.7

applications such as hadron therapy and space radiation

transport. In this approach, nucleons are represented as wave

packets whose dynamical evolution follows the equations of

quantum molecular dynamics, providing a more realistic

description of nuclear interactions.

Both BIC and QMD models were complemented with

G4HadronPhysicsQGSP_BIC, which provides a unified

framework for hadronic interaction modeling. This library

combines the Quark-Gluon String Precompound (QGSP)

model with the Binary Intranuclear Cascade (BIC) model and

is extensively used in different contexts, from high-energy

physics experiments to applications in medical physics.

The third Geant4 model considered is INCL++, im-

plemented via the G4IonINCLXXPhysics library, which

describes nuclear reactions as a series of individual
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FIG. 8. Literature values and results from this work of elemental

nuclear fragmentation cross sections for 16O + H interactions.

nucleon-nucleon collisions within the target nucleus. In this

approach, nucleons are treated as a Fermi gas confined in a

static potential well. During the interaction, projectile nucle-

ons entering the target volume are identified as participants,

while the other nucleons act as spectators. The fragmentation

process is treated asymmetrically: the quasiprojectile is com-

posed of projectile spectators and non-cascading participants,

whereas the quasitarget results from the full cascade dynam-

ics inside the calculation volume, providing a more accurate

representation of the target remnant. INCL++ is particularly

suited for simulating target fragmentation and is generally run

in inverse kinematics. For reactions where both the projectile

and target have mass numbers greater than A = 18, the simu-

lation defaults to using the BIC model.

In FLUKA simulations, for projectile energies above

150 MeV/nucleon, nucleus-nucleus interactions are modeled

using a modified rQMD-2.4 (relativistic Quantum Molecular

Dynamics) model, which can also operate as an intranuclear

cascade [48–52]. While originally designed for high-energy

collisions, this model can be applied to the energy range

relevant for the FOOT experiment. The rQMD-2.4 is cou-

pled with a preequilibrium stage managed by the PEANUT

(PreEquilibrium Approach to Nuclear Thermalization) model

[53,54], which is based on the GDH (Geometry Dependent

Hybrid) exciton model [55]. The final stages of the interaction,

fragmentation and evaporation, are treated for nuclei with

A < 17 using a phase-space Fermi Breakup model [56,57].

Considering Figs. 9 and 10, it is evident that the BIC

model systematically underestimates the cross sections for

all fragments, producing distributions that are significantly

flatter than both the experimental data and the predictions

of the other models. FLUKA provides a good description

for the lighter fragments, closely matching the experimental

data, but underestimates the cross sections for B, C, and N

at larger angles, resulting in distributions that are narrower

than observed. INCL++ generally performs very well across

most fragments, although it underpredicts the cross section for

Be in the case of polyethylene and overpredicts it for He and

Li for both polyethylene and hydrogen targets. QMD exhibits

very good agreement with the data, showing behavior very

similar to INCL++ while performing slightly better for Be

and Li.

Overall, all models provided a reasonable description of

the data, except for BIC, which clearly failed to reproduce the

observed trends.

VII. CONCLUSIONS

In this work the measurement of elemental and angular

nuclear fragmentation cross sections was presented for the

production of He, Li, Be, B, C, and N fragments in the

interaction of a 400 MeV/nucleon 16O beam with a 10 mm

polyethylene target. By combining these results with those

obtained in a previous FOOT study [24], where the fragmen-

tation cross sections of the same beam on a carbon target

were measured, the cross sections for a hydrogen target were

derived through a stoichiometric subtraction of the two mea-

surements, as described in Sec. IV B.
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FIG. 9. Angular differential nuclear fragmentation cross sections for the production of He, Li, Be, B, C, and N fragments in the interaction

of a 400 MeV/nucleon 16O beam with a polyethylene target, together with FLUKA and Geant4 predictions with four different models.

The measurements were performed with a partial FOOT

setup, allowing charge identification and the determination

of the production angle of the fragments to obtain the an-

gular cross sections. The overall precision was dominated by

systematic uncertainties, mainly related to background sub-

traction, as for [23,24].

The results obtained for oxygen on polyethylene represent

the first measurements of this target material, therefore no
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FIG. 10. Angular differential nuclear fragmentation cross sections for the production of He, Li, Be, B, C, and N fragments in the interaction

of a 400 MeV/nucleon 16O beam with a hydrogen target, together with FLUKA and Geant4 predictions with four different models.

comparison with other measurements available in the litera-

ture was possible for either the angular or the elemental cross

sections. Concerning the hydrogen target, the results for the

total production cross sections of B, C, and N fragments,

which are the only ones directly comparable with existing

data, were found compatible with the results in [17]. The

angular differential cross sections for these fragments were

measured here for the first time in the current energy range.

A comparison of the results of this work with theoretical

predictions from different nuclear interaction models was also
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presented. The BIC model failed to reproduce the data ob-

tained, both for polyethylene and hydrogen, confirming the

result obtained in [24]. The FLUKA model performed pretty

well, with the exception of the last bins of higher Z fragments

that were underestimated. QMD and INCL++ models from

Geant4 showed a very good agreement with experimental

data, although for light fragments the results were slightly

overestimated.

The novelty of these measurements, together with the re-

sults of [24], in particular the angular cross sections, can

provide stringent constraints on nuclear models in this energy

range, thereby helping to achieve, in the future, the higher

level of accuracy required for predictions in the fields of PT

and RPS.
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