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This paper presents the measurements of the angular differential cross sections for the
forward production of He, Li, Be, B, C and N nuclei in the fragmentation process of a
400 MeV /nucleon **0O beam interacting with a graphite target. Due to the limited data avail-
able in this energy regime, these measurements of nuclear fragmentation cross sections are relevant
to improve nuclear interaction models for Particle Therapy and space radioprotection applications.
The data analyzed in this paper were collected during a measurement campaign carried out at the
GSI Helmholtz Center for Heavy Ion Research facility in Darmstadt (Germany) by the FOOT col-
laboration. The results are compared with similar results found in the literature and with a previous
FOOT measurement of the same process, using the same setup, from a previous pilot run performed
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at GSI. The pilot run data, however, had limited statistics and only allowed for the measurement
of elemental fragmentation cross sections integrated in the setup acceptance. This data set, with
statistics more than 100 times larger compared to the data collected in the previous run, enabled
the measurement of angular differential cross sections, fully exploiting the granularity of the FOOT
AE-TOF system. Furthermore, a better comprehension of the FOOT apparatus allowed to improve
the analysis techniques, leading to a reduction in the final systematic uncertainties. The cross sec-
tion results have been compared with some of the prominent Monte Carlo models of FLUKA and
Geant4 dedicated to the energy range of interest for light ion fragmentation physics.

I. INTRODUCTION

Nuclear fragmentation cross section measurements are
crucial for advancing in several fields, including Parti-
cle Therapy (PT), Radioprotection in Space (RPS) and
nuclear structure studies [I} 2]. For instance, in PT un-
derstanding the fragmentation of ion beams as they in-
teract with human tissue can potentially improve can-
cer treatments, as it helps in accurately predicting the
dose distribution and minimizing damage to surrounding
healthy tissues [3, []. Moreover, an accurate description
of fragmentation phenomena can also shed light on the
biological effectiveness in proton therapy [5].

Similarly, in RPS these measurements would be of
great importance for assessing the risks posed by cos-
mic radiation to astronauts, as they help in developing
effective shielding strategies [6]. Indeed, space radiation
constitutes one of the major risks for space exploration
beyond Low Earth Orbit (LEO) which is among future
plans of several national space agencies and private com-
panies [7]. Radiation hazards could be so important to
prevent deep space missions due to huge costs and unac-
ceptable risks for the astronauts given the lack of effective
countermeasures so far [g].

These fields share a common ground both for ions in-
volved (ranging from 'H to °°Fe with a focus on ions
with nuclear charge number Z < 8) and kinetic energies
100 — 1000 MeV /nucleon (depending on the ion). How-
ever, the phenomena at play are known with poor accu-
racy due to the lack or the poor precision of the relevant
fragmentation cross section measurements [OHIT]. This
translates in a poor precision in the computation of the
biological dose due to the fragments with respect to the
one required for both PT and RPS applications [12| [13].
The measurement of the missing fragmentation cross sec-
tions would allow to benchmark and update the exist-
ing nuclear models implemented in Monte Carlo (MC)
and deterministic codes, used for the dose computation
in both the PT and RPS applications [I4, [15]. Dou-
ble differential cross sections in the fragment produc-
tion angle and kinetic energy would be of great value
to this purpose. Despite recent progress, only a small
number of beam-target-energy combinations have been
explored [16H22].

The FOOT experiment [23] has been designed to ad-
dress this data deficit by measuring fragmentation cross

* Corresponding author: Riccardo.Ridolfi@bo.infn.it

sections in the nuclear interactions between ion beams
(such as protons, Helium, Carbon, and Oxygen) and
targets of interest for PT, like H, C and O, which are
the most abundant elements in tissues. It also includes
targets of interest for shielding in RPS like hydrogen-
enriched targets [23]. FOOT is a fixed target experi-
ment whose setup includes two complementary configura-
tions: an electronic setup with a magnetic spectrometer
and charge/mass identification capabilities, for measur-
ing forward emitted fragments with Z > 2, and an emul-
sion spectrometer for higher angular acceptance measure-
ments of fragments with Z < 3. Details of the FOOT
experiment design and some preliminary results can be
found in [23H25]. This study analyzes data acquired at
the GSI Helmholtz Center for Heavy Ion Research facility
in Darmstadt in 2021 with the electronic setup. At that
time only a part of the final FOOT detector, as described
in detail in [23], was operational. The setup, consisting
of a detector for the beam monitoring and a system for
the Time-of-Flight and the energy loss measurements,
was used to identify the charge Z of the fragments and
to measure their emission angle allowing to perform ele-
mental cross section measurements. The same setup was
used in a previous data acquisition campaign in 2019 in
GSI, described in detail in [24].

This paper presents the measurement of the angular
differential cross sections for the forward production of
2 < Z < 7 nuclei in the fragmentation process of a
400 MeV /nucleon ¢O beam interacting with a graphite
target. In terms of statistics and results, this work ex-
tends and supersedes the 2019 study [24], where a limited
statistics allowed to measure only elemental fragmenta-
tion cross section integrated in the full geometrical ac-
ceptance of the setup. The present work provided more
than a factor of 100 improvement in statistics compared
to the previous campaign which allowed measurement of
the angular differential cross sections for charged frag-
ments with FOOT. In Sec.[[I|the FOOT setup used in this
analysis, its performance and the data collected are de-
scribed. In Sec.[[T]] the analysis strategy to measure cross
sections is discussed. Systematic uncertainties from de-
tector effects and the analysis method are also assessed.
In Sec. [[V] the results of the paper are discussed tak-
ing into account previous studies and earlier works of
the FOOT experiment [24] with a focus on the improve-
ments enabled by higher statistics and enhanced analysis
techniques while in Sec. [V]a comparison between experi-
mental results and predictions of Monte Carlo models in
FLUKA and Geant4 is presented.
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II. MATERIAL AND METHODS
A. Experimental setup

The experimental setup used in the data campaign an-
alyzed in this paper is identical to the one used in the
GSI 2019 data taking campaign and described in detail
in [24] (see Figure [I). The fragmentation due to the
interaction of a *0 beam of 400 MeV /nucleon with a
5 mm graphite target (TG) is studied. Two detectors,
upstream the graphite target, the Start Counter (SC)
and the Beam Monitor (BM) measure the incoming Oxy-
gen ions. Their design minimizes the pre-target overall
material budget in order to keep the fragmentation inter-
actions inside themselves at the percentage level with re-
spect to the one in the target. Downstream of the target,
the only detector is the TOF Wall (TW) able to provide
identification of the charge Z of the fragments [24]. The
FOOT detector was installed in the Cave-A (HTA) of the
GSI facility. The FWHM beam size was (0.5,0.4) cm in
(X,Y) and the beam intensity was kept in the interval
(0.5-1.0) kHz in order to keep the pile-up from Oxygen
ions to a sustainable rate for the FOOT detectors.

BM

/_‘__,___—:.
160 beam} TG

SC

FIG. 1. Schematic view of the GSI experimental setup. The
60 beam passes through the Start Counter and the Beam
Monitor, before impinging on the 5 mm thick graphite target.
The produced fragments emitted with a polar angle < 5.7°
can be identified by the TOF Wall detector, about 193 cm
downstream of the target [24].

The Start Counter [26] is a 250 pm thick plastic scintil-
lator (EJ-228), placed at the very beginning of the setup,
which measures the number of the incoming 6O ions
and provides the start of the time of flight (TOF) mea-
surement with a resolution of ~ 70 ps [27]. The Beam
Monitor is a drift chamber consisting of twelve wire lay-
ers, with X-Y views. With a tracking efficiency higher
than 90% and a lower limit on the spatial resolution of
60 um [28§], it provides the measurement of the direction
and the interacting point of the beam ions on the tar-
get. The distances between SC, BM and TG have been
minimized as much as possible. This choice minimizes
the effects of the multiple scattering and maximizes the
position resolution on the BM track projection on the

TG.

The TOF Wall detector is composed of two layers of
20 plastic scintillator bars (EJ-200) each, arranged or-
thogonally to provide X-Y views. This setup forms a
40 x 40 cm? active area detector providing the measure-
ments of the energy deposited AE, with a resolution of
o(AE)/AE ~ 5 %, the TOF stop, with a resolution of
~ 20 ps for 100 ions [27], and the hit position with the
granularity provided by the bar crossing dimension of
2x2 cm?. To ensure that most fragments (except pro-
tons and neutrons) are fully measured, the TW is posi-
tioned approximately 193 cm downstream of the target.
MC simulations and prior measurements [I5] 23] showed
that this arrangement maximizes the detector’s cover-
age for He fragments emitted within a maximum angle
of 10° and consequently also for heavier ions. The po-
sition of the TW was chosen to minimize multiple hits
within the fixed granularity. According to a MC simula-
tions the chosen granularity keeps the pile-up of multi-
ple fragments in the same bars cross below 1% [23] [24].
The TW detector was not optimized for the detection of
neutrons and protons and these products were not ana-
lyzed. The TW dimension and distances from the target
set the geometrical acceptance of the setup. Taking into
account also a 1 cm shift between the center of the up-
stream region (SC, BM and TG) with respect to the one
of the TW, the polar angle acceptance for this analysis
is § < 5.7°.

Charge Z identification

The simultaneous measurement of the AE in each TW
bar and the TOF between that bar and the SC allowed
the identification of the nuclear charge (Z) of that ion.
As detailed in [24], from a parametrization with a Bethe-
Bloch curve of the AE as a function of TOF, for each
TW layer, the charge 7Z of each fragment was extracted.
A fragment crossing the TW hits a pair of X and Y bars,
each with an assigned Z coordinate, thus identifying the
point of passage of the fragment. The two bars are associ-
ated to the same fragment and clusterized in a TW point,
with a position resolution provided by the bar crossing of
2x2 cm?. In order to have a clean Z identification, only
pairs of X-Y bars sharing the same reconstructed Z are
selected and clusterized in a TW point [24]. The frag-
ment hit position along the bar, extracted with the time
difference measured at both the edges of a single bar, is
used to improve the clusterization of the X-Y bars form-
ing a TW point [24]. This is fundamental whenever more
than one fragment hits the TW in the same event. The
AE and TOF assigned to each TW point is the average
between the ones of the two bars forming it. In order to
show the separation of the different fragments charge 7Z
in Fig. 2| the Bethe-Bloch curves used for the charge Z
identification (ZID) of the fragment are superimposed to
the distribution of AE vs the TOF for each reconstructed
TW point.
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FIG. 2. AE vs TOF distribution for the data collected at
GSI in 2021, analyzed in this work. The Bethe-Bloch curves
for Z=1 (Hydrogen, lower curve) up to Z=8 (Oxygen, higher
curve) are superimposed. The separation between the indi-
vidual fragment charges (Z) is clearly visible.

B. Data Sample and Trigger Strategy

The data analyzed in this paper were collected during
the FOOT data taking campaign at GSI in 2021, with
the setup reported in Sec. [[TA] Two data samples were
collected: one with a 0 beam of 400 MeV /nucleon im-
pinging on a 5mm carbon target and another acquired
without target. The second sample contains only frag-
mentation coming from the interaction of the beam with
the air and the FOOT setup and it is used to evaluate the
background in the cross section analysis (see Sec. .

The data sample with the carbon target was col-
lected using two different trigger strategies: the Mini-
mum Bias (MB) trigger was issued whenever a primary
ion of 10 goes through the SC, while the fragmenta-
tion trigger (FRAG) rejects most of the primaries events
reaching the TW, and is issued in presence of TW hits
due to fragments of interest for cross section measure-
ment. Details of the FOOT trigger strategy are discussed
in [29]. About 1.2x10° events were collected with the MB
trigger implemented requiring in the SC a majority of 5
of its readout channels over the total of 8 [26]. About
2x 108 events were acquired with the FRAG trigger, able
to reject most of the %0 reaching the TW, requiring
a coincidence of a MB trigger with a veto from events
with an energy release in the TW central bars compati-
ble with a primary ion of the beam. As detailed in [29],
the veto is implemented setting amplitude thresholds on
the TW central bars, tuned during MB runs. The thresh-
olds were chosen as a trade off between the rejection of

non-fragmentation events (Oxygen) while keeping most
of Nitrogen and lower Z fragments which can be affected
by a too tight choice of the thresholds. The FRAG trig-
ger was designed to mostly reject unreacted 'O ions but
some fragments might have been rejected. Thanks to
the loose thresholds used during the acquisition of events
with the FRAG trigger, this effect was estimated to be
negligible. Counting the number of times the FRAG trig-
ger conditions are valid during MB runs the ratio between
the number of events labeled as FRAG events and their
total number provides the FRAG trigger acceptance fac-
tor efAS which resulted to be 15.99 & 0.03%.

All the FRAG events were acquired along with a frac-
tion of MB events: this means that the data sample con-
tains both FRAG events and MB events (1 out of 10 in
this case). About 5.7x10* events were acquired with the
MB trigger for the sample without target for background
studies.

C. Monte Carlo simulation

A detailed Monte Carlo (MC) simulation of the setup
described in Sec. [[TA] was carried out using the FLUKA
MC code [30]. The MC simulation was tailored to re-
flect the detector geometry, the passive materials and the
alignment adjustments, including shifts and rotations of
the setup [31]. Both the setups with and without the tar-
get were simulated. The 0 beam position and its trans-
verse size were extracted from data and implemented in
the MC simulation. Simulation outputs were processed
by the FOOT reconstruction software performing the re-
construction as in data. The reconstruction of the quan-
tities of interest, tracks for BM and points for TW and
their performances were already studied and optimized in
MC in other works [24], 28]. Detector responses, includ-
ing spatial resolution in BM and energy loss and TOF
resolutions in SC and TW, were extracted from data and
dedicated calibration runs, as described in [24] 26], 28], 32].
Subsequently this information has been used in MC ap-
plying a Gaussian smearing of the quantities computed
by FLUKA. The tuning of MC on data is fundamental
to make the MC reliable for what concerns the fragment
Z identification and the angle of the reconstructed frag-
ments [24], which are the two quantities needed to extract
the fragments raw yields for the angular differential cross
sections, as discussed in the next section [[ITA]

III. DATA ANALYSIS
A. Analysis Strategy

The goal of this analysis is to evaluate the angular
differential cross sections for the fragmentation process
of a 160 beam of 400 MeV /nucleon interacting with a
graphite target for the forward production (6 < 5.7°)
of He, Li, Be, B, C and N nuclei. The elemental cross



section for each fragment charge Z is computed as follow:

do B Y(Z,0)
0= Nprim - N1 -£(Z,6) - AQ (1)

dQ

where Y (Z,0) is the selected number of fragments of a
given charge Z measured by TW at a given angle 6, Nprim
is the selected number of primaries impinging on the tar-
get, £(Z,0) is the efficiency for a given charge in a given
angle computed using the MC simulation (see Sec.
and , AQ is the solid angle bin width and Ntg is
the number of interaction centers in the target per unit
surface which can be written as:
p-d-Na
Nrg = " (2)
where p = 1.83 g/crn3 is the graphite target density,
d = 0.5cm is the target thickness, N is the Avogadro
number and A = 12.01 g/mol is the graphite mass num-
ber. Details on how the factors entering in Eq[l] are com-
puted or measured are given below.

In order to measure the fragmentation yields Y (Z, 6)
produced in the target, the target-out fragmentation,
mostly produced by the interaction of the 160 beam with
the air and the FOOT setup, has to be taken into ac-
count. This contribution has to be considered as back-
ground with respect to the in-target fragmentation and
need to be detected, identified and removed. The recon-
struction workflow is the same for the samples with and
without target: firstly, the angle of the primary parti-
cle and its impact point on the target are calculated by
the BM. Then, the angle between the impact point on
target and the reconstructed point on the TW is calcu-
lated, and the charge Z of the fragment is identified by
the TW. Since the TW cannot distinguish whether frag-
ments come from the target or not, all the valid points are
taken into account and their emission angle is calculated
as pointed out above even if fragments are not generated
in the target. The background which arises from these
wrong reconstructions is removed using the sample with-
out target. In conclusion the quantity Y (Z,0)/Npyim of
Eq. [1] can be rewritten as

Y(Z,0) _ Yra(Z.0) Yasra(Z.0)
Nprim

3)

Nprim,TG Nprim,noTG

where the subscript TG (noTG) refers to the runs with
(without) the target. In this way, fragment yields are cor-
rectly subtracted taking into account the different num-
ber of primaries in the two data samples.

The number of primaries Npuim, in MB runs, corre-
sponds to the number of MB trigger Ntl\r/lig surviving the
selection cuts for pile-up removal on the SC and on the
BM. Multiple primary particles in the same event (i.e.
pile-up events) are removed looking both at the SC raw
signal and at the number of BM reconstructed tracks.
The cleaning of the pile up events in the SC and the
request of events with only one BM track reduces the
number of MB trigger to be considered for the analysis

of 10-12% depending on the instant beam rate (which
can rise up to 50 kHz). To compute the number of pri-
maries Npyim, in FRAG runs, the number of FRAG trig-
ger NE%AQ surviving the same pile-up selections in SC
and BM, has to be further divided by the trigger accep-
tance factor, in order to consider the effect of the trigger
selection:

Nosim = NERAC /cERAG o

Pile-up selections in BM and SC are performed before
the effective beam arrival on the target, thus no signif-
icant biases are introduced in the analysis. After the
selection cuts ~ 1.7 x 10 MB events, considering both
MB runs and MB events in FRAG runs, and = 6.8 x 10°
FRAG events (corresponding to more than four million
primary particles) were used for the analysis. For the
background only ~ 5 x 10* were selected due to the lim-
ited amount of statistics without target. Thus, the er-
ror on cross section measurements, especially on angular
ones, was mainly driven by the uncertainty in the number
of fragments measured in the sample without target. The
background subtraction at yields level, in Eq. 3| is per-
formed after the calculation of Yrq /Nprim, TG as weighted
average of MB and FRAG data samples.

The minimum angular bin width used in the cross sec-
tion (Eq was set taking into account the TW granular-
ity (= 0.6° at the target position) while the choice of the
number of bins was mainly driven by the available statis-
tics in background data, which dominate the statistical
error. The fragmentation cross sections are evaluated in
the geometrical acceptance of the apparatus of § < 5.7°.
Integrating the Eq.[I] over the solid angle covered, the el-
emental cross section for each charge Z can be extracted
as follows:

oo, Y (2)
o(2) = /Qa—QdQ - e ©

In the present work both the integral and the angular
differential cross sections have been measured and are
discussed in the results (see Sec. .

B. MC corrections to the cross sections

The MC simulation (Sec. has been used to com-
pute the efficiencies and the corrections needed in the
measurement of the fragmentation cross sections (Eq.
and and to verify the analysis strategy discussed in
the previous Sec. [[ITA] A purity correction, discussed in
Sec. [[IIB 1} is introduced to correct the fragmentation
yield Y (Z,0) to take into account the mis-identification
of the Z charge due to the ZID algorithm of TW detector.
The efficiency, detailed in Sec. [[IIB 3] is introduced to
correct for the missing fragments, produced in the frag-
mentation process, but lost in reconstruction. The analy-
sis strategy for the cross section evaluation, shown in the



previous Sec. [[ITA] was validated against the MC sim-
ulation: the raw yields reconstructed by the TW have
been measured from the subtraction between samples
with and without target and corrected by purity and effi-
ciency MC corrections. The obtained MC fragmentation
cross sections, differential in angle and for each fragment
atomic charge Z, were compared to the true MC pro-
duction cross sections. The true MC production cross
sections were obtained by selecting fragment tracks with
a given Ziye and emission angle 6.6, produced in the
target within the TW detector acceptance (fiue < 5.7°).
A residual discrepancy between reconstructed and true
MC cross sections has been observed and attributed to
the migration between angular bins caused by the TW
limited granularity. This discrepancy was corrected with
an angular unfolding procedure [33] in the analysis (see
Sec. , which allowed to dramatically improve the
agreement between reconstructed and true MC cross sec-
tion, expecially in the case of Carbon (Z=6) and Nitrogen
(Z=T7) fragments for which a narrow angular distribution
is expected [23]. The validation of the analysis strategy
in the MC, including background statistical subtraction
between samples with and without target, efficiency and
purity corrections to the fragmentation yields and finally
angular unfolding procedure to cure the bin migration,
confirmed the possibility to apply the same strategy in
data. In particular after the background subtraction, the
purity correction is applied to remedy for the Z charge
mis-identification, then the unfolding procedure is used
to solve for the angular bin migration and finally the effi-
ciency correction is applied to account for the not recon-
structed fragments. The cross section results are shown

in Sec. [Vl

1. Purity

In this analysis, the TW is the only detector able to
identify the charge of the fragments using the energy re-
lease AE in a TW bar and the TOF between SC and
TW. The purity is a quantity which is related to the ZID
algorithm performances of the TW and depends on the
energy loss and TOF resolutions, which in MC are tuned
from data, as explained in Sec. [24]. To account for
the charge Z mis-identification it was needed to introduce
a purity correction, which is calculated in MC for each
charge and angle, and can be written as:

N(Zreco = Ztruev ereco)
N(Zrecm Greco)

P(Z,0) = (6)
where N(Zieco, Oreco) is the number of fragments recon-
structed by the TW with charge Zieco while N(Zyeco =
Zirues Breco) 18 the number of fragments reconstructed by
the TW with charge Z,eco equal to the true charge Zi e
from MC. The purity correction is applied as a multiply-
ing factor to the fragmentation yield:

Y(Z7 9) = YvraW(Za 9) : P(Z7 9) (7)

where Yiaw(Z,0) is the yield subtracted of Eq. 3] before
the purity correction application. The obtained Y (Z,0)
is the one entering the Eq. [I] The purity correction is
found to be more than 90% for all the fragment charge
7, with the exception of the case of the Li, for which the
purity goes down to the 70%. This drop is due to the con-
tamination of events with a pair of He fragments entering
in a single TW bar cross which release an energy AE com-
parable to the one of a Li, causing a mis-identification of
the two He ions in a Li. Two He fragments emitted in
a narrow angle is a well known process, in fragmenta-
tion physics at these energies, see for example [20], and
for the FOOT setup of this analysis it is an unavoidable
contamination for Li fragments.

2. Unfolding procedure

As already pointed out, the detector effects on angle
measurement have to be taken into account when deal-
ing with angular differential cross sections. In partic-
ular, Multiple Coulomb Scattering and TW granularity
play a major role. To evaluate these effects, the matrix
Otrue VS Oreco is built (in the following the response ma-
triz), where O;eco is the measured scattering angle with
respect to the original Oxygen beam direction, while 6,y
is the production angle of fragments born in the target
(the scattering inside the target resulted to be negligible).

The unfolding procedure [33] is based on a Bayesian
iterative algorithm [34] [35] as implemented in RooUn-
fold [36]. In the unfolding of binned data, the effects of
the acceptance and resolution are expressed in terms of
a two-dimensional response matrix, C;;, where each el-
ement corresponds to the probability of an event in the
i-th generator-level bin being reconstructed in the j-th
measurement bin. The unfolding algorithm combines the
measured spectrum with the response matrix to form a
likelihood, takes as input a prior for the specific kinematic
variable and iterates using the posterior distribution as
prior for the next iteration. The MC distribution is used
as the initial prior and three iterations are performed.
The number of iterations is optimized to balance the un-
folding stability with respect to the previous iteration
and the growth of the statistical uncertainty. The final
choice of three iterations is driven by the minimization
of the average correlation factor [33].

The response matrix for the angular distribution of
the He fragments is taken as an example of the impact
of the unfolding correction and shown in Fig. In or-
der to ensure that the MC sample used for the unfolding
training is not introducing a bias on the data measure-
ment, a study is performed by changing the pseudo-data
distribution. The MC angular spectrum is re-weighted
using continuous functions to alter the final shape with
the same binning. The study confirms that the altered
shapes unfolded based on the nominal corrections are pre-
served within statistical uncertainties.
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FIG. 3. Normalized response matrix of the He fragments.
Only bins where the migration is greater than 0.1% are shown.

3. Efficiency

The efficiency for each Z and for each angle 6 is com-
puted in order to account for the fragments not re-
constructed by the TW detector. Also fragments pro-
duced in the TG, within the TW detector acceptance
(6 < 5.7°), but not reaching the TW due to multiple
coulomb scattering or fragmentation in air, are contribut-
ing to the efficiency computation. In particular, while
this last contribution is almost negligible, the impact of
the TW reconstruction which discards association of X-
Y bars with different Z charge reconstructed, in order to
maximize the purity of the charge Z of the TW points,
has an important impact [24]. The efficiency is defined
for each fragment of charge Z¢,e and for each angle 6,
as follows:

Nrw(Z,0)

E(Z, 0> - Nprod(Z7 0)

(®)

where Npw(Z,0) are the fragments with charge Ziue
and emission angle 6;,,, reconstructed by the TW and
Nprod(Z,0) are the fragments with charge Zye and emis-
sion angle 6, produced within the target in the angu-
lar acceptance of the TW detector. The efficiencies are
shown in Fig. [ for each Z.

As already mentioned the most important contribution
to the efficiency reduction arises from the TW recon-
struction. This impact is expected to be more significant
for the light fragments such as He and Li where more
crowded events cause an increase of mismatch of the Z
of two associated X-Y bars. For this reason events with
mismatched Z are rejected in the analysis [24].
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FIG. 4. Efficiencies for each reconstructed fragment of charge
Z emitted in the TW acceptance of 5.7°.

C. Systematic uncertainties

Several sources of systematic uncertainties were identi-
fied in the analysis, both on the detectors involved and in
the analysis method. The systematic uncertainties com-
ing from reconstruction at detector level were evaluated
changing reconstruction or calibration strategy or param-
eters used in the reconstruction and propagating the vari-
ation through the full cross section analysis. Finally the
percentage variation bin by bin of the cross-section ob-
tained with respect to the nominal one is assigned as
uncertainty to the cross section measured with the data.
Two sources of systematics at detector level have been
studied: the impact of the event selection performed us-
ing the BM and the requirements on the fragments re-
construction inside the TW.

The former systematic has been studied varying the se-
lection criteria for the BM reconstructed tracks. A tight
and a loose selection of the BM hits to be associated to a
track, has been implemented and tested to verify the im-
pact on the event pre-selection on the cross section mea-
surements. The impact of this systematic uncertainty
was found to be negligible.

Another source of systematic uncertainty is related to
the charge reconstruction algorithm in the TW detec-
tor. This has been studied varying in the MC simula-
tion the resolutions, within the experimental precision,
in AE, TOF and in the position measurements that af-
fect the identification of the fragments in MC and thus
the efficiencies and the purity evaluation. The only sig-
nificant contribution was found to be the one related to
the He (< 0.5%). To check the impact on the ZID re-
construction also the Bethe-Bloch parametrized curves,



extracted from a fit of the plot of AE vs TOF at the true
MC level, as explained in [24], have been moved within
the statistical uncertainty. The impact of this variation is
small for all the fragments (< 0.5%), and still maximum
for Helium. Finally the impact on the ZID coming from
the TW calibration strategy was tested. In the TW cali-
bration each AE peak is fitted and calibrated to the MC
value with a Birks fit [24] 27, 32]. Moving the AE fitted
mean value within the statistical uncertainty an impact
which range in the interval [0.1-2]% has been found.

The systematic uncertainty on the unfolding procedure
has been assessed by unfolding the MC angular distribu-
tion using a different unfolding method with respect to
the nominal one (Bayesian iterative). The Iterative Dy-
namically Stabilized (IDS) method [37] has been chosen
as alternative method using the same number of itera-
tion. The difference on the unfolded spectra between
the two method range in the interval [0.1-3.6]% where
the biggest impact is on some angular bin of the heavier
fragments.

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

The numerical evaluation of the overall contributions
of the systematic uncertainties is shown in Table [[] and
in Table [Tl

IV. RESULTS

In Fig. 5| the elemental fragmentation cross sections
for the production of He, Li, Be, B, C and N in the
interaction process of a 10 beam of 400 MeV /nucleon
on a graphite target, integrated over the solid angle
covered, 6 < b5.7° are reported, along with statistic
and systematic uncertainties (discussed in Sec|III C)).
Despite the 0O beam was delivered at an energy of
400 MeV /nucleon , the effective energy per nucleon at
the target was a bit lower due to previous energy losses
and it was estimated by MC simulation to be equal to
393 MeV /nucleon at the center of the target. The cross
sections have been measured according to EqJ5| the yields
of Eq[3] are considered after the unfolding procedure and
all the needed corrections, discussed in Sec[[TI} have been
applied.

The results for the elemental cross sections for He,
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FIG. 5. Elemental fragmentation cross sections for the pro-
duction of He, Li, Be, B, C and N fragments in the interac-
tion process of a 10 beam of 400 MeV /nucleon on a graphite
target, integrated over the solid angle covered by the FOOT
setup, 6 < 5.7°.

Li, Be, B, C and N are also reported also in Table [}
where the statistical and systematic uncertainties are re-
ported separately and their weight on the final value is
reported. There it is possible to see that the system-
atic uncertainty is always lower that the statistical one,
which is mainly driven by the limited statistics of the
sample without target. As previously reported from the
2019 FOOT campaign [24], to our knowledge, there are
no relevant measurements for He and Li at these ener-
gies, while there are some for Z > 4 [20, 2I]. More-
over, no new measurements were published between [24]
and the writing of this work. The obtained elemental
cross sections are then directly comparable with our pre-
vious measurements, since the angular acceptance was
the same and the velocity range of this work is slightly
larger but with a minimum impact on the results. In our
previous work [24], the main comparison was performed
with the work of Zeitlin and collaborators [20], a paper
providing elemental cross sections within an angular ac-
ceptance of ~ 7° with a 375 MeV /nucleon °0O beam, an
energy slightly lower with respect to this work. In par-
ticular, in [20], only Z > 5 cross sections were provided,
allowing a fair comparison despite the different angular
acceptance given the mostly forward production of such
fragments. In our previous work [24] we concluded that
the results seemed to confirm those in [20]. In this work,
we confirm our previous measurements regarding Be, C
and N while for He, B this result is slightly lower but still
comparable within the uncertainties. The largest differ-
ence involves the Li results. This is due to the impact
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Element 0+ Agtar £ Agys [mb] Agtat/o ANgys/o
He 671 £ 12425 1.9% 3.7%
Li 59+3+2 5.6% 3.5%
Be 37+£3+1 7.8% 3.0%
B 63+4+2 6% 3%
(@) 136 6+ 4 4.4% 3.1%
N 117+6+4 5.4% 3.0%

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

of the purity correction (see Sec. which was com-
pletely underestimated in the previous work [24]. The ob-
served discrepancies between the two analysis come from
this correction, together with the very few statistics col-
lected in that campaign. The effect of the absence of the
purity correction in previous work is the one of overesti-
mating the cross sections for those fragments for which
the correction is larger. While the correction is almost
negligible for most of the fragments, for Li is important
due to the events of He ions pairs which release in a TW
bars’ crossing an energy similar to the one released by a
Li, as discussed in Sec. |[II B 1]

The final results for the angular differential cross sec-
tions are shown in Fig. [6] and in Table [Tl To our knowl-
edge, in this case, there are no previous results to com-
pare with. Thanks to the unfolding techniques, we suc-
ceeded in reducing the systematic uncertainties on the
angular spectrum although the limited statistics of the
without target sample gave an important contribution
to the statistical uncertainties going from 3% to 20% on
average except for a 33% contribution in the first bin
of Li. As already mentioned, the number of bins and
their width were carefully chosen considering the avail-
able statistics in order to have a reasonable number of
fragments in each bin.

V. COMPARISON WITH PROMINENT
NUCLEAR INTERACTION MODELS

The experimental angular differential cross sections
were compared with theoretical predictions from four dif-
ferent nuclear interaction models used in Monte Carlo
codes, as shown in Fig. [{] FLUKA [30] was used along-
side three distinct Geant4 [38-40] hadronic models: Bi-
nary Ion Cascade (BIC) [41], Quantum Molecular Dy-
namics (QMD) [42], and Liege Intranuclear Cascade
(INCL*T) [43].

BIC was implemented using G4lonPhysics, a spe-
cialized physics library designed to handle ion-ion in-
teractions. It implements a combination of mod-
els to cover a wide range of energies and interac-
tion types for light ions (deuteron, triton, 3He, al-
pha) and generic ions (Z > 2). The G4lonPhysics li-
brary uses Glauber-Gribov cross sections for all nucleus-
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Z  OF]  do/dUE Agar £ Agys AL, AL
[bsr™)

0—-0.6 101 £13+3 12.6% 3.4%

0.6 —1.2 82+6+3 7.3% 3.1%
1.2—-138 63+3+2 51% 3%

1.8—-24 432+2.1+£1.5 4.8% 3.4%

He 24-3 325+1.2+1.1 3.6% 3.2%

3—3.6 19.94+0.9+0.7 4.4% 3.4%

3.6 —4.2 14.1+06+04 4.2% 3.1%

4.2 —-438 95+04+0.3 4.2% 3.1%

4.8 —5.7 57+0.3+0.8 4.6% 14.5%

0—-0.6 10.6 + 3.5 £ 0.6 32.9% 6.0%

0.6 —-1.2 944+1.7+0.3 17.9% 3.2%

Li 1.2-138 6.0+1.1+£0.2 18.0% 3.0%

1.8—-3 3.84+0.3+0.1 7.2% 3.2%

3—4.2 1.18 £ 0.09 £ 0.05 7.6% 4.1%

4.2 —-5.7 0.289+0.022+0.018 7.8% 6.2%

0—-0.6 11.8+£2.6+04 2% 3%
0.6 -1.2 6.7+1.4+0.3 21% 5%
Be 1.2 -1.8 42+£09+0.1 21.4% 3.2%
1.8-3 21+£03£0.1 13% 3%
3—5.7 0.305+0.036 £0.013 12% 4%
0-0.6 276 £58+1.7 21% 6%
0.6 —-1.2 201 £1.7+£0.6 9% 3%
B 12-18 9.44+09+0.5 9.8% 5.2%
1.8-24 39+£05£0.1 12% 3%
2.4—57 0.282+0.043+0.009 15% 3%
0—-0.6 83+13+3 15% 4%
0.6 -1.2 51+3+£2 5.7% 3.4%
C 12-18 19.1+£1.3£0.7 6.9% 3.9%
1.8-3 3.6+03£0.2 8.0% 4.5%
3—-5.7 0.09+0.03+0.01 32.6% 5.3%
0-0.6 158+ 147 9% 1%
N 0.6—-1.2 39.7£28+£2.7 71% 6.8%
1.2-24 46+06+04 13% 8%

2.4—57 0.073+0.018+0.012 25% 17%

TABLE II. Angular differential cross section measured in this
work. The contribution of the statistical and systematic un-
certainties is reported separately.

nucleus interactions implementing the Binary Light Ton
(BIC) model with Precompound/de-excitation for the
low energy regime and the FTFP (Fritiof string model
with Precompound/de-excitation) for energies above
3 GeV /nucleon.

QMD was implemented via G4LightlonQMDPhysics
library which is often used for applications involving light
ion transport, such as medical physics and space radi-
ation studies. This library provides a microscopic ap-
proach to simulate nuclear collisions by treating nucle-
ons as wave packets that evolve according to quantum
molecular dynamics. This approach allows for a more
realistic representation of nuclear interactions compared
to simplified models.

Both these models are extended with the use of
G4HadronPhysicsQGSP_BIC which represents a compre-
hensive approach to hadronic interaction modeling, com-
bining the Quark-Gluon String Precompound (QGSP)
model with the Binary Intranuclear Cascade (BIC)



model. This physics library finds wide application in
various simulation scenarios, from high-energy physics
experiments to medical applications.

The third model used in Geant4 is INCL™" which
treats nuclear reactions as a series of independent
nucleon-nucleon collisions within the target nucleus. It
models nucleons as a free Fermi gas within a static poten-
tial well. It defines participants as projectile nucleons en-
tering a calculated target volume. The collision is treated
asymmetrically: a quasi-projectile is formed from projec-
tile spectators and non-cascading participants, while the
quasi-target final state results from the full cascade dy-
namics within the calculation volume, yielding a more
reliable description of the target remnant. Due to its
strength in reproducing target fragmentation, INCL*+
typically operates in inverse kinematics (target impact-
ing projectile) by default to better simulate projectile
fragmentation. If both projectile and target mass num-
ber exceed A = 18, the simulation defaults to using the
aforementioned BIC model instead.

Regarding FLUKA simulation, for projectile energies
above 150MeV /nucleon nucleus-nucleus collisions are
treated using an interface to a modified rQMD-2.4 (rel-
ativistic Quantum Molecular Dynamics) model [44] [45],
which can also be run as intranuclear cascade. Examples
of FLUKA results compared to experimental data when
running the modified rQMD-2.4 model can be found in
[4648]. Although initially developed for high energies,
the model could be extended down to the energies of
interest of the FOOT experiment. The model is also
coupled to a pre-equilibrium stage, which, in FLUKA,
is managed by the PEANUT (PreEquilibrium Approach
to Nuclear Thermalization) model [49 [50]. Here pre-
equilibrium is based on the developments of the GDH
(Geometry Dependent Hybrid model) exciton model [51].
The late stages of the interaction (fragmentation and
evaporation) are then modeled, for nuclei with A < 17,
by means of a phase space Fermi Break-up model [52] [53].

Across all six plots of Fig. [} the BIC model consis-
tently and significantly underestimates the experimental
cross section data predicting a much flatter angular dis-
tribution than the data, especially for the lighter frag-
ments. Regarding FLUKA simulation, for He, Li, Be
and B it shows generally good agreement with the data.
The model used in FLUKA is able to capture the trend
of decreasing cross section with increasing angle quite
well apart from some deviations, for instance predicting
a narrower spectrum for B at larger angles while for C
and N fragments it tends to underpredict the value of
the cross section. The INCL*+ model shows very good
agreement with the data for most fragments following ex-
perimental points across the whole angular range except
for a consistent underestimation of Be cross section. The
QMD gives also similar results but it appears to under-
estimate the cross sections at certain angles predicting a
narrower angular distribution for most fragments, in par-
ticular for Li and Be. In conclusion, FLUKA, INCL*™,
and QMD models show significantly better agreement

11

with the FOOT experimental data compared to the BIC
model, which consistently underestimates the cross sec-
tions. Among the better-performing models, INCLT"
and QMD appear to provide the most consistently accu-
rate predictions across the range of fragments (from He
to N) shown in these plots, closely followed by FLUKA,
which performs well for lighter fragments but tends to
underestimate the production of heavier fragments like
C and N in this specific reaction and energy regime.

VI. CONCLUSIONS

This paper presents the analysis for the measurement
of the elemental fragmentation cross sections and the first
measurement of differential angular cross sections for the
forward production (6 < 5.7°) of He, Li, Be, B, C and N
nuclei by a 400 MeV /nucleon 160 beam interacting with
a 5 mm graphite target. The integrated cross sections
were already published by the FOOT collaboration [24]
and also in other works [20} 21] only for the production of
fragments with Z>5. A reduced FOOT setup, consisting
of a beam monitor drift chamber and a system of scin-
tillating detectors for the energy loss (AE) and the time
of flight (TOF) measurements, provided sufficient iden-
tification capabilities to resolve fragments with different
charge 7 and measure their emission angles. As with
previous measurements [24] the overall relative statisti-
cal uncertainty exceeds the systematic uncertainties, in-
dicating that limited statistics significantly impact mea-
surement precision. In particular the low statistics of the
sample without the target is primarily responsible of the
overall relative statistical uncertainty. This limitation
also affected the number of bins chosen for the differential
angular cross sections, requiring a compromise between
available statistics and the number of bins. Despite the
reduced experimental setup and available statistics, the
measured elemental fragmentation cross sections success-
fully addressed the data gaps needed for PT and RPS
applications, particularly regarding angular differential
cross sections measured for the first time. The integrated
cross section results can be compared to those previously
published by our collaboration [24] and by Zeitlin and
collaborators [20]. This analysis confirmed our previous
measurements of Be, C and N cross sections while for
He and B the results are slightly lower but still compa-
rable within uncertainties. The differences observed for
these ions, and particularly for Li, are due to the impact
of the purity correction not considered in the previous
work. For this reason, these new results supersede the
ones presented in [24]. Our results are in agreement with
the results in [20] where they measured the elemental
cross section production of B, C and N, with a setup with
an angular acceptance similar to the one used for this
analysis and for a 10 energy beam of similar energy. As
stated in [24], these results helped discriminate between
conflicting results from earlier studies [20} 21]. The an-
gular differential cross sections were compared with the-



12

o g
% %0 (400 MeV/u) + C (5 mm) - He + X 7 %0 (400 MeV/u) + C (5 mm) — Li+ X
o] o] 10
= 102 [¢ ] FOOT data — [¢ JFOOT data
(®] —BIC (e} — BIC
E i 5 e
ko] he] +
L — FLUKA L — FLUKA
1
10
N I ' ‘ N I ' ‘ N I ' ‘ N I ' ‘ N I ' l Y- I N I ' ‘ N I ' ‘ N I ' ‘ N I ' ‘ Y- L
0 1 2 3 4 5 0 1 2 3 4 5
0[] 0[]
bl Ll
% {%H %0 (400 MeV/u) + C (5 mm) - Be + X 7 %0 (400 MeV/u) + C (5 mm) - B + X
2. 10 [+ ]FOOT data =3 [« ]FOOT data
(@] F —BIC (@] | —BIC
O H S 10¢
= [ — QMD = F — QMD
-8 L —— INCL++ -8 r —— INCL++
L — FLUKA L — FLUKA
1= 1
[ [ 1
L 1
I N I ' ‘ N I ' ‘ N I ' ‘ Y- \\ l Y- —1 I I - ‘ N I ' ‘ N I ' ‘ \\\ L L l Y-
0 1 2 3 4 5 10 0 1 2 3 4 5
0 0[]
Wil -
B 102 150 (400 MeV/u) + C (5 mm)  C + X 72 10 (400 MeV/u) + C (5 mm) — N + X
o o 107
—_ [*]FOOT data — F [¢]FOOT data
%‘- —BIC %‘. F —BIC
3 — QMD = — QMD
g 10 — I?\ICL++ -8 I — I?\ICL++
F — FLUKA 10 E — FLUKA
1 = 1 E
10_1 L | 10_1 ?
L I ‘ I ‘ I ‘ Il \\\\\\\ Il l L1 L I ‘ I ‘ I L 1NL | ‘ I l L1
0 1 2 3 4 5 0 1 2 3 4 5
0[] 0[°]

FIG. 7. Angular differential cross sections for the production of He, Li, Be, B, C and N fragments in the interaction process of
a 190 beam of 400 MeV /nucleon on a graphite target together with FLUKA and Geant4 predictions with four different models
(see insert).



oretical predictions from prominent nuclear interaction
models for the energy range and interacting systems of
interest for FOOT. While the BIC model fails to accu-
rately reproduce both the magnitude and angular depen-
dence of the cross sections, the FLUKA model, as well as
the QMD and INCL™* models from Geant4, show good
agreement with the experimental data. Among these,
the INCL** model most closely matches the measured
angular distributions and cross section values, with the
notable exception of the Beryllium (Be) data. The per-
formed measurements demonstrate that the FOOT ex-
perimental setup operated in the 2021 GSI campaign,
even with a limited number of collected events and with
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a reduced number of operating detectors, can provide
valuable cross section measurements.
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