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Abstract The fragmentation cross sections of carbon ion
beams with kinetic energies of 115-353 MeV /u impinging
on thin targets of graphite (C), polyvinyl-toluene (CoHjg)
and PMMA (C50,Hg) have been measured at 90° and 60° at
the CNAO particle therapy center (Pavia, Italy). Two detec-
tion arms were positioned at two different angles to perform
the measurement at 90° and 60°. The fragment species have
been identified in charge (Z;y = H) and mass (M;4 = Iy,
%H, 3H) combining the information of the deposited energy
in thin plastic scintillators, of the deposited energy in a thick
LYSO crystal and of the fragments Time of Flight (ToF) mea-
surement. The ToF was also used to compute the fragments
measured kinetic energy. This work presents, for the first
time, a comparison of the measured fragmentation cross sec-
tions with predictions from FLUKA Monte Carlo and Geant4
codes. Such a comparison has never been shown before at the
beam energies involved in this study, particularly for large-
angle fragment production. A complete reanalysis by the
FOOT collaboration of already published elemental cross
section on composite targets has been performed to compare
data with Monte Carlo, improving the analysis strategy and
systematics uncertainties evaluation. The kinetic energy at
production of measured fragments has been completely rede-
fined, together with the efficiencies computation. The new
analysis strategy has been successfully validated against the
Monte Carlo cross sections. The cross sections are presented
as a function of the fragments kinetic energy at production
thanks to an unfolding technique applied to the data.

1 Introduction

Particle Therapy (PT) is the external radiation therapy tech-
nique that exploits protons and carbon ion beams to treat
especially deep-seated solid tumors close to organs atrisk [1].
In particular, carbon ions are used to treat radio-resistant
tumors thanks to their higher biological effectiveness in
killing cancerous cells with respect to photons and pro-
tons [2], but nuclei with a mass number A > 1 may undergo
fragmentation in the nuclear interaction with patients tissue
nuclei. Heavy fragments will be produced at small angles
with respect to the projectile incident direction, causing the
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dose tail beyond the Bragg peak, while light fragments such
'H, 2H and 3H can be produced even at large angles, deposit-
ing their dose far from the beam trajectory. The knowledge
of the production of Z = 1 fragments at large angles is also of
interest for beam range monitoring techniques based on the
detection of charged secondary fragments [3] and for radio-
protection purposes on long term space missions [4,5]. Treat-
ment plans based on simulations both with analytical and
Monte Carlo (MC) approaches [6] suffer from the uncertain-
ties on the Relative Biological Effectiveness (RBE) assess-
ment, due to the large uncertainties on the knowledge of the
production fragmentation cross section of 80—-400 MeV/u
12C jon beam, both at experimental level and in the related
calculation models [7]. Several measurements with a detec-
tion angle below 45°, and only a small number of beam-
target-energy combinations, have been performed by other
research groups [8—14].

In this paper, the cross section measurements for the pro-
duction of Z = 1 fragments (protons, deuterons and tritons),
detected at large angles (90° and 60°), from the interac-
tion of 115-353 MeV/u '2C ion beams with a graphite
(C), polyvinyl-toluene (EJ-212 from Scionix [15], CH in
the following) and polymethyl-methacrylate (PMMA) tar-
gets are reported. The experimental data of the cross section
of '2C ion beam on carbon (C), oxygen (O) and hydrogen
(H) elemental targets at large angle have been already pub-
lished [16] by the FOOT collaboration [17], exploiting the
composite targets subtraction method from the cross section
of 12C ion beam impinging on C, CH and PMMA targets,
from a data taking performed at the CNAO therapy center
(Pavia, Italy). In this work, the same dataset is reanalyzed, in
order to show, for the first time, the comparison of measured
data with the Monte Carlo predictions of the FLUKA and
Geant4 codes. To this aim, the FOOT collaboration took the
opportunity to improve the entire analysis strategy. Advance-
ments have been made, in particular, in the efficiency com-
putation, in the extraction of the kinetic energy through a
new unfolding technique and in the systematic uncertainties
evaluation. In Sect. 2 the experimental setup and configura-
tions are described, in Sect. 3 the data analysis strategy is
presented. The computation of the fragment kinetic energy
at production has been implemented exploiting an unfold-
ing technique of the measured fragment kinetic energy (see
Sect. 3.1.1), while in the already published data an analytic
function was applied for the measured kinetic energy correc-
tion. Moreover, instead of computing a fragment identifica-
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Table 1 Targets composition

and parameters [16] Target

Composition

Thickness thy
[mm] [mm]

Density Ay
[g/cm?] [u]

Graphite C
CoHjo
Cs0O,Hg

Polyvinyl
PMMA

1.4 0.94
2.8 1.024
2.8 1.19

12.01
118.18
100.12

Beam Exit
Window

30cm

STSa: Time

0.2cmz Detectors

600

113.8cm

STSs: Time
Detectors

02cmI - == LYSO Energy
X H Detector

8cm

Not to scale

Fig. 1 Sketch of the experimental setup (not to scale) [16]

tion efficiency averaged on the kinetic energy at production
of fragments, in the presented analysis the fragment identifi-
cation efficiency is modulated as a function of the fragment
production kinetic energy (see Sect. 3.2.2). The systematic
uncertainty evaluation is discussed in Sect. 3.3. In Sect. 4 the
results are reported and the comparison with FLUKA Monte
Carlo and Geant4 codes [18-22] predictions is also shown
for the first time and discussed in Sect. 5.

2 Experimental configurations

The double differential fragmentation cross sections of '2C
ion beam over low density graphite sheet (C), polyvinyl-
toluene (polyvinyl in Table 1 — CH) and PMMA thin targets
(see Table 1) have been measured in air, in clinical like condi-
tions, exploiting five beam energies: 115 MeV/u, 150 MeV/u,
221 MeV/u, 279 MeV/u and 351 MeV/u. The beam intensity
was the therapeutical one (~ 10® ions/s). Each target, with
atomic mass number Ay, was placed at 45° with respect to
the incoming beam direction (thy = T hickness - ﬁ), and
was impinged by ~ 5 x 107 jons.

The experimental setup is shown in Fig. 1: at 90° and 60°,
two detection arms (Arml and Arm2) were placed for the
detection of secondary charged fragments. In each arm, two

thin plastic scintillators, 2 mm thick (ST'S, and ST Sp), were
used for the Time of Flight (ToF) and energy loss measure-
ment of the fragments with a 0.59 ns and 0.43 ns ToF reso-
lution for Arm1 and Arm?2 respectively, as reported in [16].
Such resolutions lead to a velocity uncertainty ranging from
5% at 50 MeV/u to 10% at 320 MeV/u, and hence to a kinetic
energy uncertainty ranging between 10% and 20%. A LYSO
crystal 4 x 4 x 8 cm? was used as calorimeter for the frag-
ments kinetic energy measurements. The Data AcQuisition
(DAQ) trigger was the logic OR of the trigger of Arm1 and
Arm?2. The trigger of Arm1(2) was the logic AND of the STS,,
and STS,, discriminated signals of Arm1(2) (more details on
the experimental setup are given in [16]). For each trigger,
the fragments considered for the analysis are the ones whose
correspond to an energy release in both the STSs and in the
LYSO.

3 Methods

The double differential cross section computed as a func-
tion of the fragment kinetic energy at production (Ey) and
measured at & = 60°, 90° is defined as:

d%o A Nay (Ey)
(2x) = ; -
dQUE; \? Ny AQ AE; Nio € (Ep)

ey

NQ x (E%) is the number of fragments with a specific atomic
number Z and mass number A, in each kinetic energy bin Ey;
Ny is the number of scattering centers per unit surface; A is
the solid angle of the fragments at production seen and recon-
structed by the LYSO detector; A Ej is the fragment kinetic
energy bin size; N1z is the number of incoming carbon ions
and € (Ey) is the total efficiency.

The number of scattering centres in a Y target per unit
surface is defined as:

__ py thy - Ny

N
Y Ay

2

where Ay is the atomic mass number, N4 the Avogadro
number, py the target density and thy is the thickness of
the crossed target (see Table 1). A2 has been computed by
means of the MC simulation, taking into account the spatial
distribution of the beam and the multiple scattering under-
went by fragments before reaching the LYSO detector. The
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number of carbon ions Ni2( is provided by the CNAO dose
delivery system from the released charge measured by ioniza-
tion chambers. A 4% relative uncertainty on N2 is related
to the current measurement precision and to the dose-current
conversion systematic uncertainty [23-25] and it has been
accounted in the final result as a systematic uncertainty.

The total efficiency € (Ey) is factorized in three terms, each
one depending on the production kinetic energy:

€(Ek) = €Rec - €PID " €DT (3)

where €g,. includes the geometrical, trigger and detection
efficiency of Z = 1 fragment (see Sect. 3.2.1), €pyp is the
particle identification efficiency (see Sect. 3.2.2) and epr is
the dead time efficiency, in order to take into account for the
DAQ dead time, which depends on the beam rate and was
measured to be in the 2-8% range, as reported in [16]. To
evaluate €., and € p;p and other corrections defined in the
following sections, FLUKA MC simulations of the geomet-
rical setup have been performed, one for each target type and
beam energy.

3.1 Fragment identification

The number of specific fragments, Né x as a function of E,
i.e. the fragment kinetic energy at production, is evaluated
following the equation:

N’éx (Ex)=U - (Ngx (E,T) . p (E,T)> )
where U is the unfolding matrix (see Sect. 3.1.1), p(E}")
is the purity (see Eq. 5), Nay(E}") is the number of 42X
fragment as a function of the measured kinetic energy:

EJ' = mic® - (i — 1)

with
—~1/2
yi=<1—ﬂl-2) . Bi=L/(ToF; c).

m; is the mass of the fragmenti = p, d, ¢, L is the distance
between STS, and STS, c is the speed of light and T oF; is
the measured time of flight of the i fragment.

The number of fZ‘X fragments has been evaluated after the
particle identification (P I D) in charge Z and mass A, follow-
ing the same procedure described in [16]: to identify the frag-
ment charge (Z = 1), the information on the energy released
in the STSs, by means of a charge-to-digital converter (QDC)
module (CAEN V792), has been combined with the LYSO
QDC and ToF measurement; the fragment mass (A = 1,2,3)
has been identified combining the LYSO QDC with the mea-
surement of 1/ToF. Due to the low statistics, results are shown

@ Springer

neither for pions, which are only present in a small fraction
at the higher carbon ion beam energies (above 280 MeV/u),
nor for Z = 2 charged fragments, which occur in less than 2%
of the cases at 60° [16].

Once Na X(E ") has been evaluated, it has been corrected
for the purlty As described in [16], the same PID algorithm
has been implemented in the MC simulation using the Energy
and ToF experimental resolution to tune the MC response to
data. Purity has been computed thanks to the FLUKA Monte
Carlo simulation of the full geometrical setup for each target-
beam configuration and it is defined as:

NI (EF) 1

Ny (£

P(E) = (5)

PID

E! is the kinetic energy obtained by ToF, as in experimen-
tal data, N %{C(E ¢ pip is the number of correctly identi-
V4

fied %‘X fragments and N X}”"M C(E,’!‘) pip is the number of
zZ

reconstructed éX fragments after identification. Purity val-
ues range between 95% and 100%. Clearly, the discrepan-
cies between data and MC response are a source of systematic
effects which enter both in PID and purity corrections. These
contributions have been included in the overall systematic
uncertainty and will be discussed in detail in Sect. 3.3.

3.1.1 Unfolding of measured kinetic energy

After the purity correction, to obtain the number of fZ‘X frag-
ment as a function of the kinetic energy of the fragment at pro-
duction (Né x (Ex) inEq.4), an unfolding technique, based on
the RooUnfoldBayes method of the RooUnfold package [26]
based on the ROOT software [27], has been applied to the
measured kinetic energy spectrum, due to the fact that a frag-
ment loses energy before exiting the target and in air before
being detected. The unfolding matrix U has been computed
from a MC simulation of the geometrical setup reproduc-
ing each experimental configuration of beam energy-target
type. The unfolding matrix, gives the probability that a frag-
ment with a measured kinetic energy had a certain production
energy. The U matrix is then applied to the measured frag-
ment yields %‘X , reconstructed in bin of kinetic energy, to
obtain the fragment yields %‘X in bin of production kinetic
energy. As an example of the result, in Fig. 2 left, it is shown
the matrix for the case of protons produced in PMMA and
detected by Arm1 (90°). In Fig. 2 right, the unfolding matrix
is applied to the Monte Carlo measured kinetic energy spec-
trum of reconstructed protons (blue circles), obtained from
the MC simulation of the setup used also to compute the
purity. The unfolded energy spectrum (black triangles) is
therefore obtained and compared to the kinetic energy spec-
trum at production (red squares). The unfolding parameter
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Fig. 2 Left: unfolding matrix U of E, as a function of E}“**, obtained
from a full MC simulation, for the case of protons detected at 90° and
produced by a 351 MeV/u '2C ion beam impinging on the PMMA tar-
get. Right: tuning of the unfolding procedure. The unfolding matrix

of the RooUnfoldBayes method, which is the number of the
unfolding iteration nifer, is tuned exploiting the MC distribu-
tions as described, minimizing the x 2 between the true and
the unfolded MC distributions.

3.2 Efficiency evaluation
3.2.1 Detection efficiency

The detection efficiency is the convolution of geometrical,
trigger and detection efficiencies. It has been computed as a
function of the fragment kinetic energy at production, fol-
lowing the equation:

Ny M Eore

NN (Eoag

€per (Ex) = (6)

where NX‘;‘”MC (Ex)1E is the number of *Z‘X fragments MC

reconstruzcted as experimental data after the trigger selection
(T) and detectors energy thresholds cuts (E: 100 keV for
STSs and 12 MeV for LYSOs). No PID is used at this level,
the fragment identification is done at MC generator level. The
trigger is defined in simulation in the same way as in experi-
mental data acquisition, that is the time coincidence between
the two STSs. The same is done for energy threshold cuts,
implemented in the MC analysis as they are in experimental
data. N /’")?EM C(Ep) aq is the number of generated fZ‘X frag-

ments eroduced in the AQ seen by the LYSO detector. The
denominator of the detection efficiency corresponds to the
MC prediction of the yield of the produced fragment *Z‘X

(left) is applied to the MC reconstructed protons distribution (blue cir-
cles) in order to obtain the unfolded distribution (black triangles). The
unfolded kinetic energy at production has to be compared to the MC
protons kinetic energy at production (red squares)

g 0-07 E T T T T T T T T T T T T T T T ]
w c =C ]
0.06 — -

- oCH 1

0.05F #PMMA

m045§3@3§5§;giﬁgﬁagp

0.03 =

0.02F 3

0.01 =

0 F | | | | | | | | | | | | | | | ]
100 200 300

E, [MeV]

Fig. 3 Detection efficiency (convolution of geometrical, trigger and
detection efficiencies) as a function of the kinetic energy at production of
the detected proton fragments. The shown efficiency is computed from
the FLUKA MC simulation of the 351 MeV/u '2C ion beam impinging
on C, CH and PMMA targets, with fragments detected at 60°

to be compared with the measured experimental data (see
Sect. 4).

An example of the obtained € p,; (Ey) for secondary proton
fragments detected at 60° is shown in Fig. 3 for the case of the
351 MeV/u '2C ion beam impinging on C (open square), CH
(full circle) and PMMA (open triangle) targets. No depen-
dency of the efficiency to the target type is observed. The
small absolute value is mostly due to the multiple scattering
underwent by large angle emitted secondary fragments from
the target exit to the LYSO crystal.

@ Springer
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Fig. 4 Particle identification efficiency (ep;p(E))) as a function of
the kinetic energy at production of the detected proton fragments. The
shown efficiency is computed from the FLUKA MC simulation of the
351 MeV/u '2C ion beam impinging on C, CH and PMMA target, with
secondary protons detected at 60°

3.2.2 Particle identification efficiency

The particle identification efficiency (e p;p) has been com-
puted as a function of the reconstructed ‘%X fragment kinetic
energy at production, with the following equation:

NZ;COMC (Ex)pip

z (N

Ny M EDre

epip(Ey) =

where NZ‘;("”M C(Ex)pip is the number of MC fragments

reconstructed in Z and A after the particle identification selec-
tion (see Sect. 3.1), implemented as it is in experimental
data, while N X";"M C(E )7 E 18 the same as the numerator of

€per (Ex) (seeZSect. 3.2.1). In Fig. 4 the result of e p; p for the
identified proton fragments (ef) 1) is reported for the case
of MC simulation of 351 MeV/u '?C ion beam impinging on
C (open square), CH (full circle) and PMMA (open triangle)
target and proton fragments detected at 60°.

The trend of eﬁ ;p 18 due to the PID selection functions,
that are done on the experimental data distribution of the
deposited energy in LYSO (Eloss in terms of LYSO QDC)
as a function of 1/ToF, with ToF the fragments time of flight
(see Sect. 3.1). The decreasing of efﬁ ;p 18 due to secondary
fragments that, only for geometrical reasons, are not fully
contained by the LYSO detector, depositing an energy that
is cutted out by the lowest Eloss vs 1/ToF selection func-
tion. On the other hand, the increasing of the PID efficiency
after 215-245 MeV/u is due to the fact that, when the kinetic
energy of a particle exceeds a certain energy, the energy lost
by that particle in the detector decreases as 1/ToF increases:
the particle “punches through” the LYSO detector, decreas-
ing its Eloss and re-entering the highest selection cut. This
effect is accurately reproduced by the Monte Carlo simula-

@ Springer

tion, thanks to the MC distribution of the deposited energy in
LYSO that has been tuned in order to reproduce the shape of
the LYSO QDC of experimental data. This effect is taken
into account by €p;p, with the corresponding systematic
uncertainty syspyp highlighting its impact (as described in
Sect. 3.3).

3.3 Systematic uncertainty evaluation

A crucial aspect in the evaluation of the results (see Sect. 4)
is the assessment of the systematic uncertainty, that, in this
analysis, is computed as a function of the fragment kinetic
energy at production. The systematic uncertainty in the cross
section measurement (as defined in Eq. 1) originates from
the following main sources:

Unfolding procedure (sySyunf)

A evaluation from MC simulation (sysaq)

Particle identification selections (sysprp)

Evaluation of the number of incoming ions N2 (relative
systematics 4%).

Sl

The dominant contribution comes from the unfolding pro-
cedure used to correct the measured kinetic energy to the
production kinetic energy. This contribution has been evalu-
ated within MC, even using a different unfolding technique
(RooUnfoldIDS instead of RooUnfoldBayes) and its impact
ranges between 0.1% and 13% for the most populated bins.
This systematics in the previous published work [16] was
completely underestimated, reminding that the energy cor-
rection in that work had been done with an analytic function.
SYySuny is also the main source of uncertainty in the differen-
tial cross sections.

The second contribution to the systematic uncertainty
comes from the evaluation of AQ. AQ is computed by
exploiting the MC simulation, taking into account the recon-
structed fragments, since no tracking system is present in the
experimental setup (see Fig. 1). AQ affects the cross sec-
tion normalization and the detection efficiency evaluation,
as shown in Eqgs. 1 and 6. Therefore, the impact of the AQ
choice in the MC influences the final cross section results.
For this reason, A2 has been varied from the default value
and evaluated its impact on the systematic uncertainty sysaq.
This ranges from 1% up to 14% for the most populated bins.

The systematic uncertainty on the differential cross sec-
tion due to the PID selection (sysp;p) has been evaluated
by varying of 1% the PID selection functions. The relative
error due to this systematics ranges between 0.1% up to 6%,
depending on the fragment kinetic energy bin. The PID sys-
tematics has an impact in the fragment yields (see Eq. 1
and Sect. 3.1), in the purity (see Eq. 5) and in the PID effi-
ciency evaluation (see Eq. 7). The higher the fragment kinetic
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energy at production, the higher the relative systematics due
to this source of uncertainty, as expected due to the bigger
discrepancies between the PID selection bands and the Eloss
vs 1/ToF distributions at high energy.

o 107E 115 MeV/u
(0] C 00
= |EIELUKTAdata
"_5 — glrgD
o 10*E — INCL++
) E
O -
=2 C
D -
10°
1 0—6 | - PR | PR PR PR |
50 100 150 200 250
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o0 221 MeV/u
> E
: F carogy e
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) a _
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10°k EEN
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Fig. 5 Double differential cross section as a function of fragment
kinetic energy for proton fragments detected at 90°, produced in the
nuclear interaction of 115-351 MeV/u carbon ion beam with a graphite

4 Results

The results on the double differential cross section (DDCS
in the following figures) of protons detected at 90° and 60°,
produced by the nuclear fragmentation of '>C ion beams
of 115-351 MeV/u kinetic energy impinging over compos-
ite targets of C, CH and PMMA computed as described by
Eq. 1, are shown as black squares, respectively, in Figs. 5, 6,
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= i
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8 — INCL++
)
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Qa
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target. The statistical uncertainty (cross) and systematic uncertainty
(empty square) on experimental data are shown as separate contribu-
tions
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Fig. 6 Double differential cross section as a function of fragment
kinetic energy for proton fragments detected at 60°, produced in the
nuclear interaction of 115-351 MeV/u carbon ion beam with a graphite

7, 8, 9 10. The statistical uncertainty (cross) and system-
atic uncertainty (empty square) on the measurements are
shown as separate contributions. The values of the differen-
tial cross section (DCS in the following figures), integrated
in energy between E; = 40-250 MeV/u at 90° and Ej =
40-350 MeV/u at 60°, are also shown as a function of the
primary beam energy for the three targets (C — left panel, CH
— middle panel and PMMA - right panel), for protons (p),
deuterons (d) and tritons (t), detected at 90° (Fig. 11) and
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target. The statistical uncertainty (cross) and systematic uncertainty
(empty square) on experimental data are shown as separate contribu-
tions

60° (Fig. 12). The FLUKA MC prediction is superimposed
to the experimental data as blue line in all figures. For the case
of protons produced by the interactions with the graphite tar-
get, together with the FLUKA model, also the BIC, INCL++
and QMD Geant4 models are superimposed. The reported
error in the simulation results is purely statistical. Numerical
values are reported in the tables shown in Appendix A.
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Fig. 7 Double differential cross section as a function of fragment
kinetic energy for proton fragments detected at 90°, produced in
the nuclear interaction of 115-351 MeV/u carbon ion beam with a

The MC prediction results on the double differential cross
section are computed with the following formula:

N{eME (B ag
Z

Ny AQ AE; NME

dZO.MC

dadz; () ®

where the numerator, shown also in Eq. 6, is the number
of generated Q‘X fragments produced in the A2 seen by the
LYSO detector, Ny, AQ2 and AE} are the same quantities

polyvinyl-toluene target. The statistical uncertainty (cross) and sys-
tematic uncertainty (empty square) on experimental data are shown
as separate contributions

described in Eq. 1 and N IAZ’ICC
carbon ions impinging the target (~ 10'© (FLUKA), 108
(Geant4) primary ions for each simulated target - beam con-
figuration). The analysis strategy and the FLUKA MC cor-
rections applied to the cross section formula (see Eq. 1) have
been validated comparing the FLUKA MC production cross
section, in Eq. 8, with the FLUKA MC reconstructed one,

computed following Eq. 1.

is the number of simulated
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Fig. 8 Double differential cross section as a function of fragment
kinetic energy for proton fragments detected at 60°, produced in
the nuclear interaction of 115-351 MeV/u carbon ion beam with a

As far as deuterons and tritons are concerned, since their
yield at large angle is very low, the available statistics is low
and only the energy integrated differential cross sections, in
the same energy interval of protons, as a function of the '>C
ion beam kinetic energy in Figs. 11 and 12 can be presented.
Again, statistical (cross) and systematic uncertainties (empty
square) on experimental data (black squares) are shown as
separate contributions, and the FLUKA MC predictions are
superimposed as blue line. For the case of the interactions
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polyvinyl-toluene target. The statistical uncertainty (cross) and sys-
tematic uncertainty (empty square) on experimental data are shown
as separate contributions

with the graphite target, together with the FLUKA model,
also the BIC, INCL++ and QMD Geant4 models are super-
imposed.

5 Discussion and conclusions

This work is devoted to the study of the emission of nucle-
ons and light charged fragments at large polar angle in '>C
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Fig. 9 Double differential cross section as a function of kinetic energy
for proton fragments detected at 90°, produced in the nuclear interaction
of 115-351 MeV/u carbon ion beam with a PMMA target. The statis-

collisions in the energy range used in particle therapy. The
main aim is to provide data to benchmark the models used
for specific tasks, as those concerning range monitoring in
ion therapy by means of the detection of light nuclear frag-
ments emitted by the interaction of the therapeutic beam in
the patient [3,28,29]. There have been other works in the
past where data on yield at large angle from thick targets
have been measured [30-33], but no cross section measure-
ments on thin target have been published other than Ref. [16].

tical uncertainty (cross) and systematic uncertainty (empty square) on
experimental data are shown as separate contributions

In the present work, the double differential cross sections of
protons produced at large angles (60 and 90 degrees) from
the nuclear interaction of '>C ion beams of 115-351 MeV/u
impinging over graphite, polyvinyl-toluene and PMMA tar-
gets are presented, together with the energy integrated dif-
ferential cross section for ?H and *H isotopes. For the first
time, a comparison with the predictions obtained from the
FLUKA MC code and three Geant4 models is also shown.
These results are obtained from a complete novel analysis of
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Fig. 10 Double differential cross section as a function of kinetic energy
for proton fragments detected at 60°, produced in the nuclear interaction
of 115-351 MeV/u carbon ion beam with a PMMA target. The statis-

an already published dataset [16], refining the efficiency cal-
culation strategy, taking into account the efficiency depen-
dency to the fragment production kinetic energy. Also the
calculation of the fragments kinetic energy at production has
been improved, applying an unfolding technique to the mea-
sured fragment kinetic energy instead of implementing an
analytic correction function, as it was done in the previously
published results.
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tical uncertainty (cross) and systematic uncertainty (empty square) on
experimental data are shown as separate contributions

In Fig. 13, the comparison of the novel cross sections (red
full squares) to the previously published ones [16] (black
open circles) is shown for the case of integrated proton frag-
ments cross sections detected at 90° (left) and 60° (right),
produced from the interaction of carbon beams with graphite
target. For the case of protons detected at 90° a systematic
lower shift of new results between 10 and 30% has been
found with respect to the old data, while old and new results
are in agreement within error bars at 60° detection angle.



Beam Ekin [MeV/u]

Fig. 11 Energy integrated differential cross section as a function of
carbon ion beam kinetic energy for proton (top), deuteron (middle)
and triton (bottom) fragments detected at 90°, produced in the nuclear
interaction of 115-351 MeV/u carbon ion beam with graphite (C, left),
polyvinyl-toluene (CH, middle) and PMMA (right) targets. The inte-
grated energy interval is between E; = 40-250 MeV/u. Experimental
data are shown as black squares, the FLUKA MC prediction is shown as

The production of Z = 1 fragments above 60 degrees rep-
resents a small fraction of their whole yield coming from
the nuclear fragmentation process of '2C projectiles. Using
FLUKA, it has been estimated that in C-C collisions at the
primary energies considered in this work, the fraction of pro-
tons emitted at angles exceeding 60 degrees is about 3% of
their total emission in the forward hemisphere. In the case of
deuterons and tritons, such a percentage is even a bit lower
(2.2-2.8%). In the last decades, significant efforts have been
made by developers to improve the reliability of phenomeno-
logical models for hadron therapy use, leading to consider-
able progress. However, it has to be remarked once again that
the forward production dominates. The behavior of theory-
driven microscopic models of high quality MC codes is gen-
erally determined by a limited number of parameters, making
itchallenging to achieve accurate reproduction of experimen-
tal data in the whole phase space. Therefore, the comparison
of predictions in the large angle region can be considered
a real stress test for these models, and it can be considered
as a further added value of the shown results. Our results
show that FLUKA provides reasonable predictions for pro-
tons in almost the whole explored range. This is instead not

Beam Ekin [MeV/u]

Eur. Phys. J. A (2026) 62:55 Page 13 0f30 55
-3 -3 -3
— 0 — 250%10 — 200x10
% 30 ¢ % CH 5 PMMA
Q . Q ogok P Q p
[} EIES&TAdma & %) 200 [JFOOT data ¢ 150 []FOOT data ¥
8 20l —BIC 8 —FLUKA 8 —FLUKA
—QMD 1501
— INCL++ 1001
100
10f 50
50 I~ - -
0 : : 0 : : : 0 : : :
150 221 279 351 150 221 279 351 150 221 279 351
Beam Ekin [MeV/u] Beam Ekin [MeV/u] Beam Ekin [MeV/u]
3 3 3
— 10 — 20 10 — 20 10
@ c b CH 5 PMMA
a ﬁ Td 2 d 2 d
8 EIFSSKA 2@ 8 15 [JFOOT data 8 15} [JFOOT data
a —BIC a —FLUKA Q —FLUKA
oF —amp
— INCL++ 10 10F
#
+L §
& 5+ 5- o
L J
0 0 : . . o= — s . .
150 221 279 351 150 221 279 351 150 221 279 351

Beam Ekin [MeV/u]

blue line. The statistical uncertainty (cross) and systematic uncertainty
(empty square) on experimental data are shown as separate contribu-
tions. Cross section for tritons detected at 90° is not reported due to
insufficient statistics, as well as deuterons detected at 90° produced by
115 MeV/u '2C ion beam impinging on C and CH targets. For the case
of graphite target, the Geant4 models predictions are superimposed

the case for deuterons and tritons, with the exception of 115-
150 MeV/u primary energy at 60° and of 351 MeV/u primary
energy at 90°, although in the latter case, the agreement might
justbe accidental, given the anomalous behavior as a function
of energy. For the reasons above summarized, the presence
of discrepancies in this region cannot be considered surpris-
ing or alarming. In this respect, it is worthwhile pointing out
that in the case of FLUKA, as explained in [34], there is a
transition of internal models of nucleus—nucleus interactions
around 125 MeV/u, from BME [35] to rQMD [36,37]. The
behavior of FLUKA for deuterons and tritons for 150 MeV/u
and beyond might suggest possible issues in the rQMD model
near its lower energy limit. This has been recently pointed
out to the FLUKA developers. It must also be considered
that, with respect to deuterons and tritons, the emission of
low energy protons may be more heavily affected by later
phases of the interaction, such as the pre-equilibrium pro-
cess. Understanding the deviations between the data and
the simulations is part of future research. The compari-
son with other models from Geant4 has been made for the
case of the graphite target. Three different hadronic mod-
els have been used: Binary Ion Cascade (BIC) [38], Quan-
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Fig. 12 Energy integrated differential cross section as a function of
carbon ion beam kinetic energy for proton (top), deuteron (middle)
and triton (bottom) fragments detected at 60°, produced in the nuclear
interaction of 115-351 MeV/u carbon ion beam with graphite (C, left),
polyvinyl-toluene (CH, middle) and PMMA (right) targets. The inte-
grated energy interval is between E; = 40— 350 MeV/u. Experimental

tum Molecular Dynamics (QMD) [39] and Liege Intranu-
clear Cascade (INCL++) [40]. BIC is a specialized physics
library designed to handle ion-ion interactions. It exploits the
G4lonPhysics library, using Glauber—Gribov cross sections
for all nucleus-nucleus interactions with Precompound/de-
excitation for energies below 3 GeV/u. The QMD library,
implemented through the G4lonQMDPhysics library, applies
a microscopic approach to simulate nuclear collisions and it
is often exploited in medical physics applications. Nucleons
are simulated as wave packets with a quantum molecular
dynamics evolution, which allows to represent nuclear inter-
actions in a more realistic way with respect to simplified
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data are shown as black squares, the FLUKA MC prediction is shown as
blue line. The statistical uncertainty (cross) and systematic uncertainty
(empty square) on experimental data are shown as separate contribu-
tions. For the case of graphite target, the Geant4 models predictions are
superimposed

models. The INCL++ model simulates the nuclear reactions
as a series of independent nucleon-nucleon collisions within
the target nucleus. Nucleons are modeled as a free Fermi gas
within a static potential well. In the simulated collision of
projectile nucleons in a target volume, a quasi-projectile is
formed from projectile spectators and non-cascading partici-
pants. Then, the quasi-target final state is generated from the
full cascade dynamics within the target volume, reproducing
a more reliable description of the target remnant. INCL++
typically operates in inverse kinematics approach, better sim-
ulating the projectile fragmentation.
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Fig. 13 Comparison of the new (red full squares) and old (black open circles) energy integrated differential cross sections obtained for secondary
proton fragments (p) detected at 90° (left) and 60° (right) from the interaction of 115-351 MeV/u '2C ion beam with graphite (C) target

For the case of the double differential cross sections of
protons detected at 90°, in Fig. 5, the BIC and QMD Geant4
models are always underestimating the experimental cross
sections, while the INCL++ model significantly underesti-
mates the lowest proton energies, below 100 MeV, which are
the most populated fragment energies. The same behavior is
visible from the proton energy integrated differential cross
section, in Fig. 11 (top left). Regarding the double differen-
tial cross sections of protons detected at 60°, in Fig. 6, while
the BIC and QMD models underestimate significantly the
case of 115 MeV/u beam energy, for the other beam energies
those models overestimate the lowest, most populated, sec-
ondary protons kinetic energy bins, resulting in a slight over-
estimation of the energy integrated differential cross section
for beam energies above 150 MeV/u, visible in Fig. 12 (top
left). On the other hand, the INCL++ model better reproduce
the double differential experimental cross section behavior
at 60°, also with respect to the FLUKA MC. The INCL++
Geant4 model is the one, between the other studied models
and MC, that shows the experimental data trend also in the
case of deuterons at 90° for the beam energy up to 279 MeV/u
(in Fig. 11 — bottom left) and especially at 60° (in Fig. 12
- middle left), with a slight overestimation of the experi-
mental cross sections overall. The case of tritons secondary
fragments, shown for the energy integrated differential cross
section in the 60° angular configuration, is well reproduced
also by INCL++ Geant4 model, as well as FLUKA MC, for
the beam energies up to 150 MeV/u, above which the agree-
ment between experimental data and Monte Carlo models is
lost in terms of absolute value and trend. Anyway, because of
the aforementioned limited number of parameters of theory-
driven microscopic models of high quality MC codes, lim-
iting an accurate reproduction of experimental data in the
whole phase space, the presence of discrepancies of Monte
Carlo predictions with respect to experimental data, for beam

energies below the GeV/u and large angle fragments produc-
tion, cannot be considered surprising or alarming.

From the experimental point of view, it may also be impor-
tant to investigate potential differences among the Z = 1 iso-
topes measured at small polar angles. This task could be
addressed by the FOOT experiment [17].
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Appendix A. Double differential cross section tables

The double differential cross sections for protons and the
energy integrated differential cross sections for protons,
deuterons and tritons are here reported for each carbon ion
beam energy (115-351 MeV/u) and two detection arms
(90°,60°) (see Tables 2, 3,4, 5,6,7,8,9, 10, 11, 12, 13,
14, 15, 16, 17, 18, 19, 20, 22,21, 23, 24, 25).
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Table 2 Double differential
cross section in kinetic energy
bins at production (E ,fin) of
protons produced by 115 MeV/u
12C jon beam impinging on a C
target, detected at 90° (top
panel) and 60° (bottom panel).
The production cross section
from the FLUKA Monte Carlo
simulation (MC) is listed
alongside the experimental cross
section (data), with the relative
statistical and systematic data
uncertainties reported as
percentage in the last two
columns

Table 3 Double differential
cross section in kinetic energy
bins at production (E /{’in) of
protons produced by 150 MeV/u
12C jon beam impinging on a C
target, detected at 90° (top
panel) and 60° (bottom panel).
The production cross section
from the FLUKA Monte Carlo
simulation (MC) is listed
alongside the experimental cross
section (data), with the relative
statistical and systematic data
uncertainties reported as
percentage in the last two
columns
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Ef,, el T Adata Adgte
[MeV] [b/st/MeV] [b/sr/MeV] (%) (%]
90° x1074 x10~4
40-60 1.79 £ 0.03 1.94+0240.1 8 7
60-80 0.71 £ 0.02 0.73 £ 0.10 & 0.04 13 5
80-100 0.36 £ 0.01 0.21 £ 0.04 £ 0.03 20 12
100120 0.173 4 0.008 0.082 + 0.026 & 0.009 32 11
120-140 0.076 & 0.005 - - -
140-180 0.025 + 0.002 - - -
60° x10~* x10~*
40-60 8.96 + 0.06 9.1+0340.7 4 8
60-80 5.95 £ 0.05 74404403 5 5
80-100 3.15 £ 0.04 42403403 7 7
100-120 1.45 £0.03 204£02+0.1 9 6
120-140 0.69 % 0.02 1.09 £ 0.14 & 0.10 13 9
140-160 0.36 £ 0.01 0.74 £ 0.15 £+ 0.08 21 11
160180 0.196 + 0.009 0.37 £ 0.10 & 0.05 26 13
180-200 0.128 4 0.008 0.23 £ 0.08 & 0.07 35 32
200-230 0.057 & 0.004 0.5+05+04 97 70
230-260 0.021 4 0.003 - - -
260-290 0.008 + 0.002 - - -
EP d?aMC d>odara data data

kin dQdEy dQdEy stat sys
[MeV] [b/st/MeV] [b/st/MeV] [%] [%]
90° x10~% x10~4
40-60 2.39 +0.03 3.04+02+0.1 8 5
60-80 1.11 £0.02 1.20 4+ 0.13 £ 0.10 11 8
80-100 0.51 £0.01 0.42 £ 0.07 £ 0.03 16 8
100120 0.252 +0.010 0.172 4 0.036 & 0.009 21 5
120-140 0.122 4 0.007 0.14 £ 0.06 £ 0.03 40 21
140-180 0.049 + 0.003 - - -
180-250 0.0069 = 0.0009 - - -
60° x10~4 x 1074
40-60 7.52 +0.06 99404405 4 6
60-80 5.44 +0.05 914+04+04 5 5
80-100 3.34 +£0.04 534+03+04 6 7
100-120 1.69 + 0.03 32403+02 8 5
120-140 0.85 £ 0.02 24403+06 12 26
140160 0.48 £ 0.01 1.04+0.140.1 14 13
160180 0.27 £0.01 0.74+0.1+02 20 31
180-200 0.184 + 0.009 07402402 30 25
200-230 0.082 & 0.005 0.25 +0.08 £0.18 32 72
230-260 0.043 + 0.004 0.16 £ 0.08 £ 0.01 49 9
260-290 0.017 % 0.002 0.027 & 0.014 £ 0.006 51 22
290-350 0.0065 =+ 0.0010 0.04 £ 0.04 £ 0.01 112 27
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Table 4 I?ouple fiiffc.:rential £r 2o MC Lodaia Adata data

cross section in kinetic energy kin dQdEy dQdEy stat sys

bins at production (E/; ) of [MeV] [b/st/MeV] [b/st/MeV] [%] [%]

protons produced by 221 MeV/u B . .

12¢ jon beam impinging on a C 90 x10 x10

target, detected at 90° (top 40-60 3.27 £0.04 36+02+02 6 6

panel) and 60° (bottom panel). 60-80 1.65 +0.03 2.140240.1 9 7

The production cross section

from the FLUKA Monte Carlo 80100 0.81 =+ 0.02 1.08 £ 0.15 £ 0.08 14 7

simulation (MC) is listed 100-120 0.40 = 0.01 0.51 & 0.09 £ 0.03 18 6

alongside the experimental cross 120140 0.215 + 0.009 0.25 % 0.06 =+ 0.02 24 9

section (data), with the relative gy 0.082 = 0.004 0.105 = 0.035 + 0.007 33 7

statistical and systematic data

uncertainties reported as 180-250 0.017 £ 0.001 - - -

percentage in the last two 60° x10~4 x10~4

columns 40-60 12.93 + 0.08 109+ 0.3+ 0.7 3 6
60-80 9.54 +0.07 11.2+04£0.7 4 7
80-100 6.72 + 0.05 82+04+04 4 5
100-120 4.27 +0.04 58+£03+04 6 6
120-140 2.41+0.03 46+03+04 7 10
140-160 1.32 £ 0.02 32+£03+05 10 16
160-180 0.70 = 0.02 25+£04+04 14 17
180-200 0.41 £ 0.01 1.9+£04+1.0 20 52
200-230 0.189 £ 0.007 20£06+04 31 19
230-260 0.086 £ 0.005 0.6+02+03 33 47
260-290 0.047 £ 0.004 0.21 4+ 0.08 £ 0.05 38 23
290-350 0.017 £ 0.002 0.17 & 0.10 £ 0.03 61 17
350-450 0.0028 £ 0.0005 - - -

Table 5 ]?ouple f:liffe.:rential £ 2o MC 2odata data Adata

cross section in kinetic energy kin dQdE; dQdEy star sys

bins at production (E7, ) of [MeV] [b/sr/MeV] [b/sr/MeV] [%] [%]

protons produced by 279 MeV/u o . .

12C jon beam impinging on a C 90 x10 x10

target, detected at 90° (top 40-60 3.99 + 0.04 384+024+0.2 5 4

panel) and 60° (bottom panel). 60-80 2.00 +0.03 24402+0.1 8 5

The production cross section

from the FLUKA Monte Carlo 80-100 1.03 +0.02 1.6 £ 0.2 £0.1 12 8

simulation (MC) is listed 100-120 0.54 +0.01 0.88 +0.14 £+ 0.04 15 5

alongside the experimental cross 120140 0.28 +0.01 0.34 £ 0.06 & 0.03 18 9

section (data), with the relative o 0.111 + 0.005 0.32 4 0.11 £ 0.02 34 7

statistical and systematic data

uncertainties reported as 180-250 0.020 £ 0.001 0.06 + 0.04 £ 0.10 62 177

percentage in the last two 60° x10~4 %104

columns 40-60 14.77 + 0.08 10703 +0.7 3 6
60-80 11.65 £ 0.07 11.3+04£05 3 5
80-100 8.98 + 0.06 8.8+03+05 4 5
100-120 6.50 £ 0.05 69+03+04 4 5
120-140 4.44 4+ 0.04 6.1 £03+0.3 6 5
140-160 2.76 £+ 0.04 43+03+04 7 10
160-180 1.66 + 0.03 344+03+0.6 9 17
180-200 0.99 +0.02 26+03+1.0 12 39
200-230 0.51 +0.01 27+05+13 17 50
230-260 0.234 + 0.008 1.5+£03+1.0 23 70
260-290 0.105 £ 0.006 1.3+£05+£0.7 41 55
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Table 5 continued

Table 6 Double differential
cross section in kinetic energy
bins at production (£ ,fl ) of
protons produced by 351 MeV/u
12€ jon beam impinging on a C
target, detected at 90° (top
panel) and 60° (bottom panel).
The production cross section
from the FLUKA Monte Carlo
simulation (MC) is listed
alongside the experimental cross
section (data), with the relative
statistical and systematic data
uncertainties reported as
percentage in the last two
columns

Table 7 Energy integrated
differential cross section of
protons produced by 12C ion
beam of kinetic energy (E kcm)
ranging from 115 MeV/u to

351 MeV/u impinging on a C
target. Protons are detected at
90° (top panel) and 60° (bottom
panel). The production cross
section from the FLUKA Monte
Carlo simulation (MC) is listed
alongside the experimental cross
section (data), with the relative
statistical and systematic data
uncertainties reported as
percentage in the last two
columns

EP d2aMC d?gdata Adata Adata
kin dQdEy dQdEy stat sys
[MeV] [b/sr/MeV] [b/sr/MeV] [%] (%]
290-350 0.033 + 0.002 04401402 37 51
350-450 0.0053 =+ 0.0007 0.09 £ 0.08 & 0.04 93 48
Ef,, o e Adata Adge
[MeV] [b/sr/MeV] [b/sr/MeV] (%] (%]
90° x10~4 x107*
40-60 4.49 + 0.04 44402403 5 6
60-80 244 £0.03 334+02+02 7 5
80-100 1.42 £ 0.02 1.7+02+0.1 8
100-120 0.77 £ 0.02 1.14+0.1+02 13 19
120-140 0.45 £ 0.01 0.66 £ 0.11 & 0.09 16 14
140-180 0.185 + 0.006 0.34 £ 0.07 & 0.03 19 7
180-250 0.036 + 0.002 0.08 £ 0.02 & 0.04 32 57
250-350 0.0027 =+ 0.0005 - - -
60° x10~4 x107*
40-60 14.38 4+ 0.08 11.0£03+05 3 5
60-80 12.11 £ 0.07 11.6 £04 £ 0.6 3 5
80-100 10.08 + 0.07 102+£04+0.5 4 5
100120 8.17 £ 0.06 774+03+04 4 5
120-140 6.35 £0.05 62403+0.6 4 10
140-160 4.54 £ 0.04 554+03+05 6 8
160180 3.09 £ 0.04 48+03+02 7 5
180-200 2.08 £0.03 544+05+1.5 10 27
200-230 1.20 £ 0.02 424+05+12 11 29
230-260 0.60 £ 0.01 324+06+14 17 44
260-290 0.317 + 0.010 1.6+03+0.6 20 38
290-350 0.118 + 0.004 07401403 20 38
350-450 0.021 + 0.001 03+02+04 68 118
450-650 0.0012 + 0.0002 - - -
E, o de Adata Adata
[MeV/u] [b/sr] [b/sr] (%] (%]
90° x1073 x1073
115 6.31 £0.07 60+04+03 6 5
150 9.01 £0.08 9840.5+0.5 5 5
221 13.1£0.1 157 £0.7 £0.7 4 4
279 163+ 0.1 1894+ 0.7+0.8 4 4
351 20.1 £0.1 23.8+0.8+12 4 5
60° x 1072 x 1072
115 4.20 £ 0.02 50401402 3 5
150 4.00 £ 0.02 654+02+03 2 4
221 7.77 £0.03 99402405 2 5
279 10.62 + 0.03 11.7£02+0.6 2 5
351 12.87 + 0.03 14.1+£02+07 1 5
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Table 8 Energy integrated differential cross section of deuterons pro-
duced by '2C ion beam of kinetic energy (E,g ,)ranging from 115MeV/u
to 351 MeV/u impinging on a C target. Deuterons are detected at 90°
(top panel) and 60° (bottom panel). The production cross section from
the FLUKA Monte Carlo simulation (MC) is listed alongside the exper-

imental cross section (data), with the relative statistical and system-
atic data uncertainties reported as percentage in the last two columns.
Cross section of 115 MeV/u 2C ion beam impinging on a C target for
deuterons detected at 90° is not reported due to insufficient statistics

EG, o
[MeV/u] [b/sr] [b/sr] [%] [%]
90° x1073 x 1073

150 1.02 £ 0.03 0.23 £ 0.05 & 0.02 20 10
221 1.72 £ 0.04 0.81 £0.12 £ 0.09 15 12
279 1.47 £0.03 124+0240.1 15 10
351 1.27 £0.03 22404403 18 12
60° x1072 x1072

115 0.609 % 0.007 0.50 £ 0.03 £ 0.03 7 7
150 0.700 + 0.008 0.75 £ 0.04 £ 0.05 6 6
221 0.717 + 0.008 1.55 & 0.09 + 0.08 6 5
279 0.555 + 0.007 1.9+0.14+0.1 7 6
351 0.455 + 0.006 1.8+0.1+0.1 7 7

Table 9 Energy integrated differential cross section of tritons produced
by '2C ion beam of kinetic energy (E]Sn) ranging from 115 MeV/u to
351 MeV/uimpinging on a C target. Tritons are detected at 60°. The pro-
duction cross section from the FLUKA Monte Carlo simulation (MC) is

listed alongside the experimental cross section (data), with the relative
statistical and systematic data uncertainties reported as percentage in
the last two columns. Cross section for tritons detected at 90° is not
reported due to insufficient statistics

Mmc data
Elgn d{;Q d{;Q Agtac{ta Aiaga
[MeV/u] [b/sr] [b/sr] [%] [%]
60° x1073 x1073
115 0.47 £ 0.02 0.38 £0.09 £+ 0.05 25 14
150 0.66 £ 0.02 08+02+02 23 21
221 0.82 +0.03 204+£04+£0.2 20 12
279 0.63 £ 0.02 294+06+04 21 13
351 0.49 + 0.02 214+04+£03 20 13
Table 10 'Do'ublej differential £ 2o MC s2odata Adata Adata
cross section in Kinetic energy kin dQdEy dQdAEy stat sys
bins at production (E7, ) of [MeV] [b/sr/MeV] [b/st/MeV] [%] [%]
protons produced by 115 MeV/u B s s
12C jon beam impinging on a 90 x10 x10
CH target, detected at 90° (top 40-60 154 £2 1388 £6 6 4
panel) and 69" (bottom pqnel). 60-80 64 + 1 494542 10 4
The production cross section
from the FLUKA Monte Carlo 80-100 30.6 £ 0.7 17£2+1 14 7
simulation (MC) is listed 100-120 146 £0.5 53+1.0+£0.2 19 4
alongside the experimental cross 120-140 6.8 4+ 0.3 _ _ _
section (data), with the relative
statistical and systematic data 140-180 eEEas B - -
uncertainties reported as 180-250 0.23 £0.03 - - -
percentage in the last two 60° %x10~3 %1073
columns 40-60 979 + 4 857 £ 21 £ 54 2 6
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Table 10 continued

Table 11 Double differential
cross section in kinetic energy
bins at production (E lfin) of
protons produced by 150 MeV/u
12C jon beam impinging on a
CH target, detected at 90° (top
panel) and 60° (bottom panel).
The production cross section
from the FLUKA Monte Carlo
simulation (MC) is listed
alongside the experimental cross
section (data), with the relative
statistical and systematic data
uncertainties reported as
percentage in the last two
columns

P d*oMC d?gdae data data
Elin TQdER JQdEy Aftar ASYs
[MeV] [b/st/MeV] [b/sr/MeV] [%] [%]
60-80 576 £ 3 671 £ 21 £33 3 5
80-100 289 +2 320+ 14 + 18 4 5
100-120 129 £ 2 137+9+6 6 4
120-140 61 +£1 91 4+9+10 10 11
140-160 32.6 £0.8 46+ 6+ 8 13 18
160-180 17.4 £ 0.6 20£3+6 17 29
180-200 10.5 £0.5 15+£4+4 27 26
200-230 514+03 T+2+14 29 212
230-260 1.6 £ 0.1 4+24+2 57 53
260-290 0.71 £ 0.10 - - -

P d*aMC d>gdare data data
Ein IQdE; TQdEr stat Sys
[MeV] [b/sr/MeV] [b/sr/MeV] [%] [%]
90° x1073 x1073
40-60 209 +2 176 £ 9 £ 7 5 4
60-80 95 +1 83+7+6 8 7
80-100 459 4+0.9 31+3+4 11 14
100-120 22.1 +£0.6 11+£2+1 15 10
120-140 104 +£0.4 37+£08+04 23 12
140-180 3.74+0.2 - - -
180-250 0.57 £ 0.05 - - -
60° x1073 x1073
40-60 934 +4 1059 £ 27 £ 53 3 5
60-80 620 +4 843 £ 25+ 39 3 5
80-100 349 £ 3 556 + 23 + 28 4 5
100-120 164 £2 304 £ 18 £ 15 6 5
120-140 76 £ 1 181 £15+£8 8 5
140-160 425+09 93+ 10+ 14 11 15
160-180 242 +£0.7 79 + 14 £ 25 17 32
180-200 143 £0.5 40+9+18 21 44
200-230 79403 27+7+£15 26 55
230-260 3.5+£0.2 21+£10+9 50 45
260-290 1.7+£0.2 5+£2+£2 49 41
290-350 0.45 £ 0.05 4+4+£2 113 42

@ Springer



55 Page 22 of 30 Eur. Phys. J. A (2026) 62:55

Table 12 .Dolublelt differential £7 LoMC L2odata Adata Adata

cross section in kinetic energy kin dQdEy dQdEy stat sys

bins at production (E/; ) of [MeV] [b/st/MeV] [b/st/MeV] [%] [%]

protons produced by 221 MeV/u O s s

12C jon beam impinging on a 90 x10 x10

CH target, detected at 90° (top 40-60 289 +2 297 £ 15+ 19 5 6

panel) and 60° (bottom panel). - 6o_g 145 £2 12848+ 13 6 10

The production cross section

from the FLUKA Monte Carlo 80-100 S 78E8£11 10 14

simulation (MC) is listed 100-120 347 +0.8 41+5+6 13 14

alongside the experimental cross 120-140 18.9 + 0.6 21 4+4+4 21 19

sect.loln (data), with the.relatlve 140-180 74403 64141 21 21

statistical and systematic data

uncertainties reported as 180-250 1.54 +0.09 1.1+£04+05 32 45

percentage in the last two 250-350 0.17 + 0.03 _ _ _

columns 60° x1075 x1075
40-60 1492 £ 6 1127 £ 24 £ 59 2 5
60-80 1111 £5 1100 £ 26 + 57 2 5
80-100 766 + 4 808 £ 23 £ 37 3 5
100-120 472 +3 534 +£20 £ 24 4 5
120-140 252+2 371 £ 18 £ 16 5 4
140-160 129 +2 262 + 18 £22 7 9
160-180 64 +1 189 + 19 £ 35 10 18
180-200 352+£09 159 +£25+£22 16 14
200-230 184 £ 0.5 125 +24 £ 42 19 33
230-260 87+04 69 + 20 £ 30 29 44
260-290 39+0.2 29+ 11 +£8 38 27
290-350 14+£0.1 6+2+3 31 52
350-450 0.32 +£0.04 - - -

Table 13 .Do.uble? differential 27 2o MC 2odata Adata Adata

cross section in kinetic energy kin dQdEy dQdEy stat sys

bins at production (E IZ ) of [MeV] [b/sr/MeV] [b/st/MeV] [%] [%]

protons produced by 279 MeV/u B s s

12C jon beam impinging on a 90 x10 x10

CH target, detected at 90° (top 40-60 351+2 330+ 14+ 14 4 4

panel) and 60° (bottom panel). 60-80 179 +2 2084+ 1249 6 4

The production cross section

from the FLUKA Monte Carlo 80-100 931 H5£9+7 8 6

simulation (MC) is listed 100-120 484+09 68 +7+8 11 12

alongside the experimental Cross 120-140 23.8 4+ 0.6 274446 15 22

i ith the relati

section (data), with the relative ) ¢, 94403 18£4+3 20 14

statistical and systematic data

uncertainties reported as 180-250 1.64 + 0.09 33+£134+07 38 20

percentage in the last two 250-350 0.16 + 0.02 _ _ _

columns 60° %1075 %1075
40-60 1662 £ 6 1142 +£23 +£63 2 5
60-80 1333 £5 1195 £ 25 +£69 2 6
80-100 1042 +£5 938 + 23 £ 50 2 5
100 - 120 744 £ 4 686 + 20 £ 32 3 5
120-140 484 +£3 513+ 18 £43 3 8
140-160 286 +£2 387 £ 18 £ 37 5 9
160-180 169 +2 303+ 19+24 6 8
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Table 13 continued

Table 14 Double differential
cross section in kinetic energy
bins at production (E ,fin) of
protons produced by 351 MeV/u
12C jon beam impinging on a
CH target, detected at 90° (top
panel) and 60° (bottom panel).
The production cross section
from the FLUKA Monte Carlo
simulation (MC) is listed
alongside the experimental cross
section (data), with the relative
statistical and systematic data
uncertainties reported as
percentage in the last two
columns

EP d2oMC d*gdara Adata Adata
kin dQdEy dQdEy stat sys
[MeV] [b/sr/MeV] [b/sr/MeV] [%] [%]
180-200 92+ 1 293 £29 + 92 10 31
200-230 46.4 £ 0.8 222 +£26 £ 100 12 45
230-260 20.1 £ 0.5 118 £20 £ 45 17 38
260-290 89403 72 £20 £ 27 28 38
290-350 3.0+0.1 16t+£4+6 24 39
350-450 0.37 £ 0.04 4+34+3 67 64
EP d2oMC d?gdaa data data
kin dQdEy dQdEy stat sys
[MeV] [b/sr/MeV] [b/sr/MeV] [%] [%]
90° %1073 %1073
40-60 391 +£3 355+ 14 £21 4
60-80 213 £2 222+ 12+£15 5
80-100 124 £ 1 145+ 10+ 8 7
100-120 71 +£1 718+7+ 14 9 18
120-140 38.2+0.8 56t£8+6 14 10
140-180 156 £ 04 21 £34+2 13 8
180-250 3.1+0.1 8§+2+1 28 14
250-350 0.31 £ 0.03 0.39 £ 0.17 £ 0.08 44 21
60° x1073 x1073
40-60 1603 + 6 1030 £ 20 £ 76 2 7
60-80 1395 +£5 1269 + 27 £ 81 2 6
80-100 1190 £ 5 986 + 22 £+ 51 2 5
100-120 955 +4 693 + 17 £+ 38 2 5
120-140 716 £ 4 612+ 18 +44 3 7
140-160 487 £ 3 526 £ 19 + 28 4 5
160-180 319+3 403 £ 18 47 5 12
180-200 203 £2 324 +20 £ 51 6 16
200-230 112 +£1 340 + 26 + 163 8 48
230-260 558+ 0.9 211 £23+91 11 43
260-290 283+ 0.6 82+ 10£ 19 12 23
290-350 10.3 +0.3 47+7 £ 11 14 24
350-450 1.95 + 0.09 20+ 13£5 44 16
450-650 0.08 = 0.01 - - -
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Table 15 Energy intégrated £C o MC Jodata data data
differential cross section of kin aQ aQ stat sys
protons produced by 2C ion [MeV/u] [b/sr] [b/sr] [%] [%]
beam of kinetic energy (E o
ranging from 115 MeV/u tk(;n 90° x1073 x1073
351 MeV/u impinging on a CH 115 550+ 04 42+2+2 5 4
target. Protons are detected at 150 782 + 0.5 62+2+2 4 4
90° (top panel) and 60° (bottom
panel). The production cross 221 1H5.8+07 H5£445 3 4
section from the FLUKA Monte 279 144.0 £0.7 157+£5+6 3 4
Carlo simulation (MC) is listed 351 175.7 + 0.8 183+5+8 3 4
alongside the experimental cross . _ _
sectiin (data), v&?ith the relative 60 x1072 x1072
statistical and systematic data 115 42.1+0.1 43.2+£0.7+2.1 2 5
uncertainties reported as 150 449+ 0.1 64+1+3 2 4
percentage in the last two 21 874402 04 +1+4 1 5
columns
279 118.7+0.2 115+ 1+£5 1 5
351 143.9+£0.2 130+ 1+£7 1 6

Table 16 Energy integrated differential cross section of deuterons pro-
duced by '?Cion beam of kinetic energy (E,g ,)ranging from 115MeV/u
to 351 MeV/u impinging on a CH target. Deuterons are detected at 90°
(top panel) and 60° (bottom panel). The production cross section from
the FLUKA Monte Carlo simulation (MC) is listed alongside the exper-

imental cross section (data), with the relative statistical and systematic
data uncertainties reported as percentage in the last two columns. Cross
section of 115 MeV/u '2C ion beam impinging on a CH target for
deuterons detected at 90° is not reported due to insufficient statistics

EC. doMC dgdata z_iata data
kin aQ aQ stat sys

[MeV/u] [b/sr] [b/sr] [%] [%]

90° x107* x10*

150 86 £ 2 294+4+3 15 11

221 144 +2 584+ 6+5 11

279 130 £ 2 79+8+7 10

351 112 +2 115+ 12+ 14 10 12

60° x1073 x1073

115 56.0 £ 0.5 374243 5 7

150 61.7+0.5 66+3+4 4 6

221 63.2+0.5 106 £5+6 4 5

279 48.6 £ 0.4 132+£7+9 5 6

351 39.2+ 0.4 116 £ 6+ 11 5 9

Table 17 Energy integrated differential cross section of tritons pro-
duced by '2Cion beam of kinetic energy (E,g ,)ranging from 115 MeV/u
to 351 MeV/u impinging on a CH target. Tritons are detected at 60°.
The production cross section from the FLUKA Monte Carlo simulation

(MC) is listed alongside the experimental cross section (data), with the
relative statistical and systematic data uncertainties reported as percent-
age in the last two columns. Cross section for tritons detected at 90° is
not reported due to insufficient statistics

EG, oh o Adeto Adara
[MeV/u] [b/sr] [b/sr] [%] [%]
60° x1074 x1074

115 44 + 1 31£5+8 17 25
150 56+ 1 67+10+£5 15 7
221 75+£2 127+ 17 £ 15 14 12
279 582 172 +£24 + 11 14 6
351 42+ 1 185 +29 +42 16 23
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Table 18 Double differential
cross section in kinetic energy
bins at production (E ,fin) of
protons produced by 115 MeV/u
12C jon beam impinging on a
PMMA target, detected at 90°
(top panel) and 60° (bottom
panel). The production cross
section from the FLUKA Monte
Carlo simulation (MC) is listed
alongside the experimental cross
section (data), with the relative
statistical and systematic data
uncertainties reported as
percentage in the last two
columns

Table 19 Double differential
cross section in kinetic energy
bins at production (E ,fm) of
protons produced by 150 MeV/u
12C ion beam impinging on a
PMMA target, detected at 90°
(top panel) and 60° (bottom
panel). The production cross
section from the FLUKA Monte
Carlo simulation (MC) is listed
alongside the experimental cross
section (data), with the relative
statistical and systematic data
uncertainties reported as
percentage in the last two
columns

Ef,, i g Adara Adgte
[MeV] [b/st/MeV] [b/sr/MeV] (%] (%]
90° x10~* x1074

40-60 134 +£0.1 120£0.7 £0.7 5

60-80 5.76 £ 0.09 45404403 9

80-100 3.01 £ 0.06 1.48 £ 0.20 + 0.06 13

100-120 1.48 £ 0.04 0.46 £ 0.08 £ 0.08 18 17
120-140 0.77 £0.03 - - -
140-180 0.26 £ 0.01 - - -
180-250 0.046 + 0.004 - - -
60° x10~* x1074

40-60 82.0 £0.3 79+2+4 2 5
60-80 49.8 £0.3 57+2+2 3 4
80-100 247 £0.2 294142 4 6
100-120 112 +£0.1 129+0.8 £0.6 6 5
120-140 5.69 £ 0.09 8.4+08+0.5 9 5
140-160 2.97 £0.07 584+08+1.2 14 21
160180 1.78 £0.05 204+03+06 15 31
180-200 0.95 £ 0.04 1.9+054+0.7 28 36
200-230 0.48 £+ 0.02 0.8+02+02 29 22
230-260 0.19 £ 0.01 1.7+1.6+03 95 21
260-290 0.078 + 0.009 - - -
290-350 0.026 + 0.004 - - -
EL, s e Adara Adata
[MeV] [b/sr/MeV] [b/st/MeV] [%] [%]
90° x1074 x1074

40-60 17.3 £0.1 17.0£08+£1.2 5 7
60-80 7.940.1 7.940.6+0.7 8 9
80-100 3.77 £0.07 284+03+0.1 10 5
100120 1.82 £0.05 15+03+04 17 24
120-140 0.84 £ 0.03 0.41 £0.09 £ 0.10 22 24
140-180 0.32 £0.01 0.13 £ 0.03 £ 0.03 27 27
180-250 0.059 % 0.005 - - -
60° x1074 x1074

40-60 772 +£0.3 83+2+4 2 5
60-80 51.8+£0.3 76+2+3 3 4
80-100 28.8+0.2 48+242 4 4
100-120 13.6 £0.1 264141 5 4
120-140 6.63 £0.10 174141 8 8
140160 3.70 £ 0.07 954+1.0+09 11 10
160180 2.16 £ 0.06 63+09+08 15 13
180-200 1.28 £ 0.04 60+15+08 25 14
200-230 0.66 £ 0.03 284+08+1.5 27 55
230-260 0.34 £ 0.02 1.32 £ 0.47 & 0.06 35 5
260-290 0.15 £ 0.01 0.33 £0.14 £ 0.03 41 10
290-350 0.044 % 0.005 - - -
350-450 0.007 % 0.001 - - -
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Table 20 .Dolublelt differential £r 2o MC Podata Adata data

cross section in kinetic energy kin dQdEy dQdEy stat s5ys

bins at production (E/; ) of [MeV] [b/st/MeV] [b/sr/MeV] [%] [%]

protons produced by 221 MeV/u B . .

12C jon beam impinging on a 90 x10 x10

PMMA target, detected at 90° 40-60 242402 23.8+ 1.0+ 1.0 4 4

(top panel) and 60° (bottom 60-80 12.0 £0.1 1294£0.7 £ 09 6 7

panel). The production cross

section from the FLUKA Monte 80-100 5.88 £ 0.09 69+06+04 9 6

Carlo simulation (MC) is listed 100-120 2.92 +£0.06 33404403 11 9

alongside the experimental cross  [20_140 1.64 + 0.05 1740302 16 13

section (data), with the relative ) | o) 0.66 + 0.02 0840202 21 30

statistical and systematic data

uncertainties reported as 180-250 0.147 £ 0.007 0.09 £0.03 £0.03 32 28

percentage in the last two 250-350 0.013 + 0.002 _ _ _

columns 60° 1074 x 10~
40-60 124.7 £ 0.4 101+£2+6 2 6
60-80 92.8 +£ 04 97+2+6 2 6
80-100 64.5+0.3 69+2+3 3 5
100-120 39.24+0.2 47 +£2+£2 3 5
120-140 21.4+02 37+2+2 5 5
140-160 10.8 £ 0.1 25+2+3 7 11
160-180 5.49 £0.09 22+2+4 10 20
180-200 3.06 + 0.07 13£2+£5 13 37
200-230 1.51 £ 0.04 9+24+3 17 35
230-260 0.70 £+ 0.03 15£6+5 40 34
260-290 0.35 £ 0.02 32+ 1.14+0.7 35 23
290-350 0.137 £ 0.008 074+02+0.2 29 26
350450 0.027 £ 0.003 034+02+0.2 69 61
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Table 21 Double differential
cross section in kinetic energy
bins at production (E ,fin) of
protons produced by 279 MeV/u
12C jon beam impinging on a
PMMA target, detected at 90°
(top panel) and 60° (bottom
panel). The production cross
section from the FLUKA Monte
Carlo simulation (MC) is listed
alongside the experimental cross
section (data), with the relative
statistical and systematic data
uncertainties reported as
percentage in the last two
columns

Table 22 Double differential
cross section in kinetic energy
bins at production (E ,fin) of
protons produced by 351 MeV/u
12C jon beam impinging on a
PMMA target, detected at 90°
(top panel) and 60° (bottom
panel). The production cross
section from the FLUKA Monte
Carlo simulation (MC) is listed
alongside the experimental cross
section (data), with the relative
statistical and systematic data
uncertainties reported as
percentage in the last two
columns

Page 27 0of 30 55
Ef,, el e Adara Adgte
[MeV] [b/st/MeV] [b/st/MeV] (%] (%]
90° 1074 1074
40 - 60 299 +0.2 28+1+1 4 5
60 - 80 151402 16.4+£0.9 £ 0.7 6 4
80 - 100 7.740.1 94408405 8 6
100 - 120 4.28 4+ 0.08 48405402 10 5
120 - 140 2.15 £ 0.06 34406+09 17 25
140 - 180 0.83 £ 0.03 13403402 19 12
180 - 250 0.164 % 0.009 0.30 £ 0.09 £ 0.04 31 12
250 - 350 0.015 % 0.002 - - -
60° 1074 107
40 - 60 140.5 4+ 0.5 101 £2+7 2 7
60 - 80 1122405 105+2+7 2 7
80 - 100 87.4 + 0.4 80+2+4 2 6
100 - 120 62.5+0.3 60+2+3 3 5
120 - 140 403 +0.3 44243 4 8
140 - 160 24.0+0.2 36242 5 5
160 - 180 139402 314243 7 10
180 - 200 7.740.1 24+2+3 10 12
200 - 230 3.83 £0.07 17+2+7 12 41
230 - 260 1.70 £ 0.05 10£245 17 46
260 - 290 0.78 £ 0.03 45+10+1.6 22 35
290 - 350 0.26 £ 0.01 18405407 27 40
350 - 450 0.040 % 0.004 - - -
Ef,, i e Adata Adgte
[MeV] [b/st/MeV] [b/sr/MeV] [%] (%]
90° x1074 x10~*
40-60 33.8+0.2 324141 4 4
60-80 19.0 £0.2 199+1.0+1.1 5 6
80-100 104 £0.1 11.2+£07+0.7 6 6
100120 6.06 £ 0.09 82407404 9 5
120-140 3.43 £0.07 504+06+02 12 4
140-180 1.43 £0.03 204+02+03 12 14
180-250 0.30 £ 0.01 0.6 +0.1+02 22 24
250-350 0.026 + 0.003 - - -
60° x 104 x107*
40-60 136.1 0.5 97 £2+£5 2 5
60-80 117.8 £ 0.4 107+2+6 2 5
80-100 100.8 £ 0.4 89+2+6 6
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Table 22 continued £ Lo MC 2o data Adata data
kin dQdEy dQdEy stat sys

[MeV] [b/st/MeV] [b/st/MeV] [%] [%]
100-120 80.7 £ 0.4 65+2+3 2 5
120-140 60.6 £ 0.3 55+2+4 3 7
140-160 41.1+£0.3 45+2+4 4 9
160-180 26.8 £0.2 36212 4 5
180-200 17.1+£0.2 33+2+4 6 12
200-230 9.3+0.1 29+2+11 8 39
230-260 4.70 £ 0.07 17£2+3 10 18
260-290 242 4+0.05 10+1+£1 13 14
290-350 0.91 £0.02 37+£05+£15 14 40
350450 0.165 £ 0.007 234+£10+£1.0 44 43
450-650 0.007 £ 0.001 - - -

T.able 23. Energy intf?grated £C JohC Jodata Jata Jata

differential cross section of kin aQ a stat sys

protons produced by '2C ion [MeV/u] [b/sr] [b/sr] [%] [%]

beam of kinetic energy (Ef,) . - .

ranging from 115 MeV/u t(;n 90 x10 x10

351 MeV/u impinging on a 115 5.01 £ 0.04 38+£02+£02 4 4

PMMA target. Protons are 150 6.49 + 0.04 6.0+02403 4 4

detected at 90° (top panel) and 221 9.70 + 0.05 10.1+£03 +04 3 4

60° (bottom panel). The ’ ) ’ ) )

production cross section from 279 12.28 £ 0.06 129+ 04 +£05 3 4

the FLUKA Monte Carlo 351 15.32 £ 0.07 164 £ 0.4 £0.7 2 4

s1mu1aF10n (MC)is }1sted 60° %x10~1 x107!

alongside the experimental cross

section (data)’ with the relative 115 3.61 £0.01 3.92 +0.06 £ 0.16 2 4

statistical and systematic data 150 3.74 £0.01 5.40 £ 0.08 £ 0.23 1 4

uncertainties reported as 21 732 +0.01 8.32 +0.09 + 0.43 1 5

percentage in the last two

columns 279 9.98 +0.02 10.0 £ 0.1 £0.5 1 5
351 12.17 £ 0.02 1.7+ 0.1 £0.6 1 5

Tgble 24. Energy intggrated £C JoMC Jodata Adaia Adata

differential cross section of kin aQ aQ stat sys

deuterons produced by '2C ion [MeV/u] [b/sr] [b/sr] (%] [%]

beam of kinetic energy (E kc ) . , ,

ranging from 115 MeV/u 0 90 x107 x107

351 MeV/u impinging on a 115 1.92 £ 0.07 0.8£02=£0.1 23 14

EMMAdmgge(;- ?euteronsl)ared 150 7240.1 21403401 14 7

etected at 90° (top panel) an

60° (bottom panel). The 221 132+0.2 41+£04+03 9 8

production cross section from 279 12.1+0.2 8.1+08+£04 10 5

the FLUKA Monte Carlo 351 10.9 +£0.2 103+ 1.0+ 1.0 10 10

s1mu1aF1on (MC)is }1sted 60° %1072 x1072

alongside the experimental cross

section (data), with the relative 115 475 +0.04 35+02+03 5 8

statistical and systematic data 150 4.88 + 0.04 60+03+04 4 7

uncertainties reported as 21 5.10 £ 0.04 103 404 +0.7 4 6

percentage in the last two

columns 279 4.12 £0.04 13.1+0.7£0.7 5 6
351 3.41 +£0.03 120+ 0.6 £0.7 5 6

@ Springer




Eur.

Phys. J. A (2026) 62:55

Page 29 0f 30 55

Table 25 Energy integrated differential cross section of tritons pro-
duced by 2Cion beam of kinetic energy (Ef; ) ranging from 115 MeV/u
to 351 MeV/uimpinging on a PMMA target. Tritons are detected at 60°.
The production cross section from the FLUKA Monte Carlo simulation

(MC) is listed alongside the experimental cross section (data), with the
relative statistical and systematic data uncertainties reported as percent-
age in the last two columns. Cross section for tritons detected at 90° is
not reported due to insufficient statistics

d Mc d data

E, o o adas ada

[MeV/u] [b/sr] [b/sr] [%] [%]

60° x1073 x1073

115 3.25+0.10 294+0.6£0.7 19 23

150 46+0.1 59+09+08 15 14

221 6.1 +0.1 13.6+1.6£0.9 12 6

279 5.1+0.1 22+4+£5 17 20

351 41+0.1 I5+£2+4 16 23
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