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1. Introduction

Galactic Cosmic Rays (GCR) are mainly comprised of highly relativistic nuclei, and are categorized
based on their origin as primary and secondary. While primary cosmic rays are accelerated at cosmic
ray sources such as supernovae remnants, secondary cosmic rays are spallation products of primaries
interacting with the interstellar medium (ISM). Studying propagation characteristics of GCRs is crucial
in determining background contribution to dark-matter annihilation signals, estimating the size of the halo
of the Galaxy, and provide insights into new physics by predicting flux of cosmic ray lithium and fluorine,
which are expected to be of purely secondary origin [1–3]. Two key inputs for modeling the propagation
of GCR are the secondary-to-primary flux ratios arriving at Earth and the nuclear fragmentation cross
section values. The most studied ratio is that of the boron-to-carbon flux ratio, which is used to infer
the total amount of matter traversed by the cosmic rays in the Galaxy [4–7]. Recent measurements by
space-based cosmic ray detectors, like PAMELA, AMS-02, CALET, and DAMPE [8–11] show improved
flux uncertainties, reaching levels <5%. On the other hand, current nuclear fragmentation cross section
values are known with a precision not less than ∼20%. These uncertainties dominate the uncertainties in
the CR propagation models [12–14].

Cosmic boron is produced in spallation reactions of the primary cosmic ray nuclei like C, N, and O in-
teracting with the interstellar hydrogen. The ratio is then used to estimate the total amount of matter
traversed by the primary cosmic rays in the Galaxy, and deduce transport parameters like the normaliza-
tion of the diffusion coefficient. Therefore, measuring fragmentation cross sections of specific reactions
with a level of precision equivalent to the measured fluxes is crucial. Moreover, the spallation of primary
GCR nuclei also produces short-lived radionuclides, called ghosts, like 11C. The 11C nucleus decays to
the stable 11B via β+ decay with a half-life of ∼20 min, and adds to the total boron (10B+11B) production
in the Galaxy. Such reactions emphasize the significance of measuring isotope production cross sections
as well, with precision much better than the current values.

Nuclear fragmentation on proton targets have been a topic of interest for many groups. The most studied
reaction is C+p→A+X utilizing various accelerator facilities available at different beam energies. Ad-
vancements in accelerator and detector facilities and detection techniques have led to more sophisticated
measurement methods, an example of which is the fixed target experimental facility of NA61/SHINE at
CERN. In this paper, we will discuss the results of nuclear fragmentation cross sections in the reaction
12C+p→B+X, at 13.5 A GeV/c beam momentum, using two targets, polyethylene (CH2) and graphite.
based on a pilot run conducted with NA61/SHINE at the Super Proton Synchrotron (SPS).

The paper is organized as follows: a brief introduction of the theoretical framework of nuclear fragmenta-
tion and the relevant cross section quantities measured in this analysis is given in Section 2. The details of
the NA61/SHINE experiment and pilot run on fragmentation are provided in Section 3, followed by Sec-
tion 4 with the data selection procedure adopted in this work. We discuss the actual measurement of the
distribution of the nuclear fragments produced in the beam-target interactions in Section 5. The mathe-
matical formalism developed for computing the mass-, charge-, and boron production cross sections with
the corrections applied to the measurements, are derived in Section 6. Our pilot results are compared to
existing data sets and cross section parametrizations in Section 7, and we provide a brief outlook on the
future runs for fragmentation studies at NA61/SHINE in Section 8.
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2. Nuclear Fragmentation

The total reaction cross section σtot characterizes the interaction of the projectile and the target nuclei
irrespective of the number of particles in the final state. It is defined as the sum of the inelastic and elastic
cross sections as,

σtot = σinel + σel.

where σel is an elastic scattering interaction where the identity and total kinetic energy of the two nuclei
are the same, before and after the interaction. Whereas, inelastic cross section denoted as σinel describes
an interaction leading to production of at least one new particle. It can be further expressed as a sum of
two quantities as,

σinel = σprod + σqela,

where σprod is the production cross section and it describes interactions involving production of at least
one new hadron, while σqela is the quasi-elastic cross section and quantifies processes wherein a nucleus
disintegrates to form lighter fragments upon interacting with the target nucleus, without producing any
new hadrons. A theoretical framework based on Glauber theory of scattering, describing relativistic
heavy ion collisions is called the abrasion-ablation model [15, 16]. In the abrasion stage, nucleons in
the overlap region of the colliding nuclei are removed. These nucleons are called participants, which can
further decay into secondary hadrons such as pions. In the following stage of ablation, the non-participant
nucleons called spectators, form a pre-fragment in the excited state, which can then disintegrate into
lighter fragments.

In this work, we focus on the measurement of the partial inelastic scattering cross section leading to
the production of a boron nucleus, either in the direct reactions 12C+p→11B+X and 12C+p→10B+X, or
via the indirect channel 12C+p→11C→11B+X. Here the last reaction denotes the β+-decay of 11C with
a half-life of ∼ 20 minutes, i.e. astrophysically short-lived, but stable in the context of the measurement
discussed here. The sum of these three reactions is referred to as the boron production cross section
throughout this paper.

Moreover, we present measurements of the mass-changing cross section, σ∆A, and charge-changing cross
section, σ∆Z, in which the projectile nucleus loses at least one nucleon or at least one proton, respectively.
The corresponding reactions are,

A
ZP + T→ A′

Z′P
′ + X,

where P denotes the projectile nucleus, T is the target nucleus, P′ is the leading outgoing fragment in
the projectile hemisphere after the interaction, and ∆A = A − A′ > 0 for a mass-changing reaction and
∆Z = Z − Z′ > 0 for a charge-changing reaction for P. The leading outgoing fragment P′ is the nucleus
with the largest mass/charge among the reaction products in the projectile hemisphere.

3. Experimental Setup

The nuclear fragmentation cross section measurements reported in this work were performed at the NA61/
SHINE facility at CERN during a pilot run in 2018. This section encompasses the relevant details of the
NA61/SHINE detector systems and the pilot run.
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Figure 1: NA61/SHINE experiment depicting the layout of the detectors used during the pilot run for fragmentation
in 2018. The black dashed line shows the trajectory of the beam particle deflected in the magnetic field of the
Vertex magnet, while the red dashed lines represent the fragments produced from the beam-target interaction. The
beamline detectors upstream of the target starting from the A-detector up to BPD-3, are shown in the inset. The
TOF-F, TOF-R, and TOF-L downstream of the MTPC, are the time-of-flight detectors, and were not used for this
measurement.

3.1. The NA61/SHINE facility

NA61/SHINE (SPS Heavy Ion and Neutrino Experiment) is located in the CERN North Area, on the H2
beam line of the Super Proton Synchrotron (SPS) and is the successor to the NA49 experiment [17]. It
operates within a beam momentum range of approximately 13 A GeV/c to 158 A GeV/c for ions. The
physics programs of the experiment primarily focus on studying the nucleus-nucleus interactions in the
interest of phase transitions in strong interactions and investigating the properties of neutrino beams pro-
duced in proton-nucleus collisions. Along with these, its third main objective is related to cosmic ray
measurements, such as the study of nuclear fragmentation reactions in the interest of GCR propaga-
tion and air-shower studies [18]. The ion or proton beam set at a specific momentum is delivered by
the SPS accelerator and transported to North Experimental Hall 1 (EHN1) via the H2 beamline, where
NA61/SHINE is located. Multiple sets of dipole and quadrupole magnets on the beamline are used to
steer and focus the beam particles.

The main detectors of the facility used for the measurement primarily consist of three sets of Time Pro-
jection Chambers (TPCs) namely, the Vertex TPC (VTPC-1/2) placed inside two sets of superconduct-
ing magnets with a total bending power of 9 Tm, the Gap TPC (GTPC) located in between the two
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VTPCs, and the large acceptance Main TPC placed on the left and right of the beam pipe (MTPC-
L/R), as shown in Fig. 1. Each of the MTPCs has the dimensions L×W×H = 390×390×180 cm3,
whereas the dimensions of each of the VTPCs is L×W×H = 250×200×98 cm3, and that of the GTPC
is L×W×H = 30 × 81.5 × 70 cm3. The gas mixture in the TPC systems is Ar/CO2 in the ratio 90/10
for the VTPCs and the GTPC, and 95/5 for the MTPC. The two superconducting magnets hosting the
VTPCs deflect the charged particles produced in the beam-target interaction, depending on their rigidity1.
Apart from the TPCs which are placed downstream of the target, beam counter scintillator A and S1, a
telescope of three Beam Position Detectors (BPDs), and veto scintillator V1 are placed before the target.
The A and the S1 detectors are square-shaped plastic scintillators (6×6 cm2) equipped with 2 and 4 fast
PMTs, respectively. The two scintillators are separated by approximately 236 m. Different isotopes in the
beam are identified based on the time-of-flight (tof ) measured between the A and the S1 detectors. The
S1 detector is placed approximately 36 m upstream of the target and is additionally used to determine the
charge of the incoming beam particle. The BPDs are multiwire proportional chambers with an Ar/CO2
(85/15) gas mixture, and are used to monitor the beam profile. Each BPD measures the position of the
triggered beam particle in the x-y plane, which is then used to reconstruct the beam particle track. The
veto scintillator V1 is placed in front of BPD-3 and is an annular disc shaped detector with a diameter of
10 cm and a 1 cm central hole. It is used in the trigger logic to detect and reject highly divergent particles
incident on the target. These upstream detectors are used to define the trigger logic for the beam particle
identification.

3.2. Pilot Run for Fragmentation Studies

To study the feasibility of performing nuclear fragmentation measurements at SPS energies, a pilot run
was conducted in December 2018. Its objective was to examine the production of light secondary nuclear
fragments, like lithium (Li), beryllium (Be), and boron (B) through 12C+p interactions at p > 10 A GeV/c.
This was achieved by directing a high-intensity beam consisting of 208Pb nuclei at 13.5 A GeV/c, ex-
tracted from the SPS onto the primary target on the H2 beam line, known as T2. The T2 target is
a 160 mm-long beryllium plate serving as the primary target. Nuclear fragments resulting from this
208Pb+Be interaction are then transported to the NA61/SHINE experiment situated in EHN1 of the CERN
North Area, about 600 m downstream of the T2 target, via a set of two mass spectrometers. To study the
fragmentation of 12C, the beam-line spectrometer magnets were tuned to select A/Z = 2 nuclei. A spread
in the longitudinal momentum component, pz of the fragments is attributed to the Fermi motion. This
effect combined with the momentum acceptance of the beam-line ∆pz/pz (≈1%), allows neighboring
isotopes with A/Z < 2 and A/Z > 2 to be transported to the NA61/SHINE facility.

The rigidity R of a nucleus consisting of A nucleons and charge Z is defined as R = pA(A/Z) where pA is
the momentum per nucleon measured using the units A GeV/c. The current parameterization models of
the nuclear cross sections show no dependence on the momentum of the fragmenting projectile nucleus
beyond pA > 10 GeV/c. Therefore, the rigidity and hence the momentum value was selected such as to
be within the operating range delivered by the SPS, and simultaneously to achieve the physics goal of this
measurement. The rigidity of the beam for the pilot run was set to 27 GV/c, resulting in a momentum per
nucleon pA = 13.5 GeV/c.

Since, we are interested in studying fragmentation of 12C on a proton target, a polyethylene (hereafter ab-
breviated as PE) block of dimensions L×B×H = 2.5×2.5×1.5 cm3 was used as the primary target material.

1 Rigidity of a particle with electric charge Z moving perpendicular to magnetic field B is a measure of its deflection and is
defined as R = Bρ = P/Z, where ρ is the gyroradius of the particle, and P is its total momentum, measured in GeV/c
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Figure 2: Target holder assembly with the two targets namely graphite (C, left) and polyethylene (PE, right). The
assembly is mounted on a servo-controlled rail operated remotely to switch between the target settings. The empty
target holder seen in the middle was used to record OUT data (see text for details).

Additionally, a graphite (hereafter abbreviated as C) block of dimensions L×B×H = 2.5×2.5×1.0 cm3

was used to account for 12C+C interactions and subtract it from the PE measurements. Finally, to mea-
sure the interactions of the beam outside the target, e.g. in the beam counters upstream of the target and
the TPC support structures downstream of the target, approximately 10% of the total events were recorded
with an empty target holder. This setting is denoted as OUT.

The target holder was mechanically moved to alternate between the three target settings, namely PE, C
(termed as IN), and OUT during the course of the run (see Fig. 2). The magnetic field was set to 59%
of the maximum field strength of 9 T m in the superconducting vertex magnets (VTX1 and VTX2). The
optimum was determined by performing simulations of tracking the beam particles through different mag-
netic field settings. The goal of this optimization was to guide the fragments into the MTPC by ensuring
that they hit a minimal amount of material as possible along the curved trajectory. A total of 1.1×106

events were recorded, including all three target settings during the 3-day data-taking period. The next
section describes the event selection procedure before and after the beam-target interaction, beginning
with the selection of 12C ions as the projectiles, and selection of resultant fragments as measured in the
MTPC-L.

4. Data Selection

Nuclei deposit energy (dE/dx) in the TPC gas mixture proportional to their squared charge, Z2, producing
ionization electrons. The electrons then drift in the TPC electric field toward the segmented top plate of
the chamber where their position, arrival times, and total number are measured. The segmented top
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Figure 3: The time of flight difference, ∆t versus the S1 signal, Z2
S1, distribution of the secondary beam nuclei

produced from primary Pb fragmentation, for the beam trigger (left) and carbon trigger (right). The dE/dx in S1
determines the charge represented by the square root of the S1 signal on the x-axis and the isotopes separated by
the time-of-flight difference between the A and S1 scintillators are shown on the y-axis. The A/Z = 2 nuclei are at
∆t = 0 ps. The optimal 12C selection is shown as a black contour in the right plot.

plate is equipped with electronic readout units called padrows and each padrow is further divided into
1×1 cm2 cells called pads. The total number of padrows/TPC is proportional to its size and is 90 for
MTPCs, 72 for VTPCs, and 7 for the GTPC. They provide measurement points of the charge clusters
produced inside the chamber in the x-z plane. Combining it with the knowledge of the drift of the electrons
with a constant velocity along the y-direction enables us to reconstruct a 3-dimensional trajectory of the
traversing particle. The reconstructed tracks corresponding to every event are stored in a structured tree
format with their 3-dimensional position and charge. The data is then calibrated for further use in the
analysis [19].

In this section, we discuss the event-level and track-level selection of the data used for the analysis. We
broadly classify the selection into two categories, namely the upstream selection, which involve identi-
fication of the secondary beam-ion 12C as the projectile, based on information from beamline detectors
before the target, and selection of downstream events, associated with track selection of the nuclear frag-
ments produced in 12C-target interactions, as measured in the TPCs.

4.1. Upstream Selection of Secondary Beam Ions

The distribution of secondary beam ions produced by fragmenting primary 208Pb nucleus is shown in
Fig. 3. For the upstream selection of the beam, we operate only with carbon trigger events. The online
trigger to select 12C nuclei in the beam is defined using signals from the two scintillators S1 and V1 as,
(S1∧V1). The energy deposit signal in the S1 scintillator was used to determine the charge of the incident
beam particle and to trigger on the incoming carbon nuclei. Two crucial pieces of information to make
an offline selection of a particular nucleus as the primary beam, are the Z2 equivalent signal in S1 for
charge selection, and the difference in the recorded arrival times of the beam, ∆t from the A-S1 system,
for identifying a particular isotope. The time of flight (tof ) of a nucleus with charge Z and mass number
A, recorded between two scintillators separated by a distance L is given by the formula, t = L/(βc), where
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Table 1: A list of upstream selection cuts applied to the calibrated data to select 12C nuclei as the ion beam.

Selection cut
Events (×103)

Effciency (%) Comment
PE C OUT

13.5 A GeV/c 463 410 106 100.0 —
Carbon Trigger (T3p) 372 331 85 80.3 Online Z2 = 36 triggered events.
t(A1,A2) 323 286 74 86.8 A-det timing information tA > 0 ns
a(A1,A2) 290 258 66 89.8 A-det amplitude, 100 ⩽ aA ⩽ 1000
Two BPDs 253 225 58 87.6 Beam signal present in at least two BPDs.
BPD-3 signal 235 210 54 93.0 Good BPD-3 measurement
WFA cut 230 205 53 97.6 Exclude off-time particles.
12C cut 150 135 35 66.0 Offline selection of 12C isotope.

β = p/E, p is its longitudinal momentum expressed in terms of the rigidity as p = RZ, E is the energy of
the nucleus, and c is the speed of light. The energy is calculated as E =

√
p2 + m2 =

√
(RZ)2 + (Au)2,

where u is the atomic mass unit. Therefore, the difference ∆t in the time of flight between two isotopes of
mass numbers A1 and A2 is given by,

∆t =
L
c


√

1 +
(

A1u
RZ

)2

−

√
1 +

(
A2u
RZ

)2
 .

It is evident that ∆t depends on the masses of the two isotopes. The measured tof resolution from fitting
the 1-dimensional tof distribution of 12C is δ(∆t) = 61 ps, compared to the measured tof difference
∆t ≈ 300 ps for two neighboring isotopes 13C and 12C.

To estimate the number of recorded events corresponding to various isotopes present in the beam com-
position, a fit was performed on the 2-dimensional tof vs. Z2 distribution of the upstream fragments
constituting the beam (Fig. 3, right). The model was described with a 2-D Gaussian function with expo-
nential tails, fit in a range 20.0 ⩽ Z2 ⩽ 54.0 and (−0.5 ⩽ ∆t ⩽ 0.7) ns (see Appendix A.4 for further
details on the upstream selection of 12C). The 12C selection cut is shown in Fig. 3 as a black contour.
This cut was determined to be the optimum cut for the analysis of the production of carbon, as well as the
boron isotopes.

In addition to the beam nuclei selection detailed above, we impose further cuts as part of the beam
selection criteria on an event-by-event basis. These cuts are listed in Table 1 along with the selected
number of events for the three data sets, PE, C, and OUT. The online carbon trigger is tuned to select
Z2 = 36 nuclei based on their energy deposit in the S1 scintillator. The t(A1,A2) and a(A1,A2) cuts select
events such that the time and signal amplitude as measured by the two PMTs A1 and A2, of the A-
detector, are within the specified operational range of the scintillator. The beam position as measured by
BPD-1 is used to calibrate the amplitude of the S1 detector. In the case where BPD-1 does not measure
a signal, the signals from the other two BPDs can be used to make a linear extrapolation to the position
of BPD-1, which can then be used for calibration. This is ensured by the “Two BPDs” cut, which only
selects events where the beam signal is present in at least two of the three BPDs. The BPD-3 x-y cut is
used to filter out events based on the measured x-y position of the beam in BPD-3, to make sure that it hits
the target. The aperture diameter for this selection is ϕ = 1.6 cm. All events registered out of this region
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Figure 4: Dashed lines represent the re-interaction cuts applied to the calibrated charge signal in GTPC and VTPC-2
to select boron tracks in the MTPC originating from the target. Carbon nuclei fragmenting to boron between GTPC
and VTPC-2, and VTPC-2 and MTPC are denoted by CGTPC → BVTPC−2 and CVTPC−2 → BMTPC.

are rejected. The BPD measurements are further used to reconstruct beam particle tracks by performing
a least squares fit to the measured beam position in the x-z and the y-z planes. Beam particles separation
cut or Waveform Analyzer (WFA) cut is used to prevent counting multiple tracks due to beam particles
closely spaced in time. Particles arriving closer than 2µs are rejected (track separation in drift direction∣∣∣∆y∣∣∣ < 5.0 cm). The timing information from the S1 scintillator is used for this cut.

Particles arriving within the event recording time frame of 2µs are excluded. Finally, the 12C isotope is
selected as the primary beam particle as per the procedure described in Appendix A.4.

4.2. Downstream Selection of Events

The beam-target interaction produces multiple particle tracks in the TPCs associated with every recon-
structed event. Therefore, fragment tracks with the shortest distance to the extrapolated 12C beam in
the x and y directions are used for our analysis. The distance between reconstructed tracks and the
beam extrapolation in the x-direction is given by ∆x = xtrack − xbeam and similarly in the y-direction by
∆y = ytrack − ybeam. The x − y coordinates of the extrapolated beam track are determined by simulating
the passage of beam particles traversing the magnetic field inside VTPC-1 and VTPC-2. Reconstructed
tracks satisfying the criteria |∆x| < 30.0 cm for MTPC, and |∆x| < 20.0 cm for VTPC-2 and GTPC are
selected for the analysis.

Beam particles arriving within a short time window smaller than the readout time lead to pile-up in the
detectors, and are called off-time particles. Such particle tracks are distinguished by measuring the arrival
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Figure 5: Left: Secondary fragments produced by the interaction of the 12C beam with the target shown relative to
the nominal beam position in the MTPC at ∆xbeam = 0.0 cm. The non-interacting beam is seen as the dark blob at
this position. Right: Similar distribution of fragments for the OUT case.

times of the drifting electrons along the y-direction of the MTPC. They are rejected by placing a cut on the
nominal beam y position at the end of the MTPC as, |∆y| < 5 cm. Moreover, the minimum requirement
on the number of charge clusters (Nclusters) produced by a track in the MTPC is 50, and similarly in the
VTPC-2 and the GTPC are 15 and 6 respectively.

Carbon fragment tracks in the MTPC are selected by placing cuts on the squared-charge of the track
determined from the energy loss dE/dx as, 31.0 < Z2

MTPC < 44.0. Boron fragments tracks are selected
using the following cut: 22.5 ⩽ Z2

MTPC ⩽ 27.5. Furthermore, as GTPC and VTPC-2 precede the MTPC,
we place additional cuts to reject boron isotopes produced from beam fragmentation between these detec-
tors. We plot Z2

GTPC vs. Z2
VTPC-2 for tracks corresponding to boron fragments in MTPC-L. The dominant

boron peak at Z2 ≈ 25 shows agreement between all the three TPCs. Nevertheless, two additional peaks
at Z2

GTPC > 33.0 and Z2
VTPC-2 > 30.0 clearly indicate conversion of the 12C beam between GTPC and

VTPC-2, and VTPC-2 and MTPC-L, indicated as CGTPC → BVTPC-2 and CVTPC-2 → BMTPC in Fig. 4.
These events are rejected for the boron analysis.

5. Measurement of Fragments in the MTPC

In this section, we present the distribution of the nuclear fragment as measured in the MTPC and explain
how the inelastic and boron production cross sections are computed.

A large fraction of the incoming 12C beam particles, incident on the thin target, pass through without any
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interaction, while a small percentage interacts with the target, producing the lighter nuclei like B, Be,
Li, and their respective isotopes. The charged fragments traversing through the superconducting magnets
VTX1 and VTX2 are deflected in the x-y plane finally depositing energy in the MTPC. The nominal
position at the end of the MTPC for all A/Z = 2 nuclei including the 12C beam with respect to the
extrapolated beam is at ∆x = xtrack − xbeam = 0.0 cm. Other nuclear fragments are positioned subject to
their rigidity, either to the left or the right of this position (|∆x| > 0). The distribution of such fragments
is shown in Fig. 5 for the IN and OUT cases.

To determine the number of tracks corresponding to different isotopes, the distribution is then fitted with a
model describing the detector response. A flat-top Gaussian function together with symmetric exponential
tails is used as the detector model to describe the MTPC ∆x response. It aptly combines the momentum
acceptance of the beam-line (Rectangular function) convolved with the track resolution of the MTPC
(Gaussian distribution). Each peak corresponds to a type of beam nucleus primary particles and is fitted
with this model. The detector model is mathematically expressed as:

D(∆x, δx, σdet, λ) = κ

 1
2δx

erf

∆x + δx2
σdet
√

2

 + erf

∆x − δx2
σdet
√

2



 + (1 − κ)

 1
2λ

exp
(
−
|∆x|
λ

) .
The first term is the flat-top Gaussian function whereas the second term depicts the symmetrical expo-
nential tails characterized by the parameter, λ, and are attributed to multiple scattering in the target. Here
κ denotes the relative fraction of the two mathematical functions in the model. The fragments produced
in the beam-target interaction (secondary particles) are fitted with an additional Gaussian (G(x, σF)) con-
volved with the detector function (D(∆x, δx, σdet, λ)) to model the spread in the momentum due to their
Fermi motion (denoted as σF and called the Fermi width hereafter). The fragment 11C had the highest
yield relative to any other isotopes. Hence its Fermi width, σF(11C) was used as an internal reference
value in the fit to compute the corresponding widths of low yield fragments (i) in the data, e.g.,10C, and
the boron isotopes. Therefore, we set σF(i) = ασF(11C) in the fit. The scaling factor α is determined by
a Monte Carlo method simulating the transport of the fragment nucleus to the MTPC through the B⃗-field
in the VTPCs. In principle, the method randomizes the momentum 3-vector, p⃗ ≡ (px, py, pz) for each nu-
cleon of the fragment nucleus in its rest frame quantifying the Fermi motion, and then performs a Lorentz
boost to the lab frame to get the final values of the 3 components of p⃗ at the z-position corresponding to
the end of the MTPC (z = 730 cm). The distribution of the lateral component of the momentum px along
with the longitudinal component pz determines the corresponding Fermi width, σF. Since σF is a function
of the mass number of the fragment, σF(11C) = σF(11B) is set and, similarly, σF(10C) = σF(10B). The
scaling factor α for each of the isotopes in the fit is given in Table 2.

The complete model used for the fit is given by,

D(∆x, δx, σdet, λ) ⊗G(∆x, σF) = D(∆x, δx, σdet, λ) ⊗
1

σF
√

2π
exp

−∆x2

2σ2
F

 .
The convolution is computed over the entire fitting range, |x| < 22.0 cm. A combined log-likelihood fit of
the three datasets namely PE, C, and OUT is performed on the ∆x-distribution of carbon fragments using
the MINUIT minimization procedure [20]. The fit result is shown in Fig. 6, and the best-fit parameter
values retrieved from the fit are given in Table 2.

The production probability of the fragments produced downstream of the target, inside the magnetic field
(denoted with a subscript ‘dn’ in Figs. 6 and 7), is independent of the target setting. Therefore, the
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Figure 6: Results from the combined fit performed to the ∆x-distribution of carbon fragments in the MTPC-L for
the C, OUT and PE target settings. The orange peak is the 12C beam, while the pink and teal peaks correspond
to the 11C and 10C fragments respectively. The 11C fragments produced from the interaction of the beam in the
detector support structure is denoted as 11Cdn and is shown in blue. The black markers show data, d, and the solid
red curve shows the fit model m. Fit residuals are shown in the lower panel, called the pull and is defined as, (d−m)

√
m .
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Figure 7: Same as Fig. 6 but for boron fragments. Various peaks corresponding to the boron isotopes produced in
the target (11B (pink), 10B (teal)), and in the detectors (11Bdn (blue) and 10Bdn (green)) is shown. The orange peak
depicts the primary 10B impurity nuclei as a result of upstream selection of 12C.
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Table 2: The fit parameters for the carbon and boron fragments ∆x-distribution in the MTPC. Parameters in square
brackets are fixed. † The experimental parameters are shared amongst the three data sets while the fragment param-
eter, σF and α are given for each isotope. The parameter α is used for scaling the fragment width with respect to
the 11C width as, σF = ασ11C (see text for details). The superscript ‘p’ stands for primary and corresponds to the
nucleus present in the beam composition, whereas the superscript ‘dn’ corresponds to fragments produced inside
the magnetic field, downstream of the target.

Element Isotope
Experimental parameters† Fragment parameter

δx (cm) σdet (cm) Θ (GV cm/c) λ (cm) κ α σF (cm)

Carbon -

12p

0.416 ± 0.006 0.252 ± 0.005 1244 ± 22 0.42 ± 0.02 0.83 ± 0.02

- [0.0]
11 1.00 1.17 ± 0.05
10 1.52 1.77 ± 0.08
11dn 0.69 0.80 ± 0.03

Boron -

10p

[0.416] [0.252] [1244] [0.42] [0.83]

- [0.00]
10 1.52 [1.77]
11 1.00 [1.17]
11dn 0.69 [0.80]
10dn 0.67 [0.78]

normalization parameter of these peaks is shared among the data-sets in the combined fit. The beam-line
acceptance is calculated from δx/xbeam, where xbeam corresponds to the x-coordinate of the beam after
deflecting through the vertex magnetic field. From the best-fit δx value, we get δx/xbeam = 0.42/46.98 ≈
0.9%, which is consistent with the experimentally set value ≈1%. The x-position corresponding to a
particular nuclear fragment is related to its rigidity as, x ∝ 1/R. Given that the x position of the beam
(xbeam) and its rigidity (Rbeam = 27 GV/c) is known, the relative positions of the neighboring isotopes
along the x direction can be calculated using their respective rigidities (Riso). We introduce a parameter,
Θ which identifies with the bending power of the magnetic field. Hence the x positions of the isotopes
relative to the 12C beam are characterized by this single parameter, as:

∆xiso = (xiso − xbeam) = Θ
(

1
Riso
−

1
Rbeam

)
.

Furthermore, the energy loss of the beam inside the target reduces its total momentum and induces an
additional constant shift in xbeam. This is calculated based on the change in the total momentum of the
beam as, ∆pbeam = (pAAbeam − pdE/dx), where pdE/dx quantifies the energy loss. Therefore, the beam
rigidity can be written as, Rbeam = ∆pbeam/Z, to further calculate the relative positions of the isotopes as
discussed earlier. For empty target holder (OUT), we set pdE/dx = 0.0 GeV/c, while the same for targets
retrieved from the fit is pdE/dx = 0.12 GeV/c for PE, and pdE/dx ≈ 0.14 GeV/c. These values are within
10% of energy loss calculated from Bethe-Bloch formula for a minimum ionizing particle.

The experimental parameters (δx, σdet,Θ, λ) for the boron fit were fixed to those determined in the carbon
fit depicted by the square brackets in Table 2. The uncertainties on these parameters were propagated in
the boron fits to study the systematic effect on the final measured cross sections. We found that the results
were altered by <1%, which is negligible compared to the statistical uncertainty of the measurement (see
Section 7).

13



Table 3: The number of recorded beam events Nb and fragment tracks corresponding to the three datasets, PE, C,
and OUT, as measured in the MTPC-L. In the case 12C, the probability computed here is the survival probability,
whereas for other nuclei, it corresponds to its production probability.

Dataset Nbeam N12C P12C→12C N11C P12C→11C N11B P12C→11B N10B P12C→10B

PE 150883 128270 0.8501 ± 0.0009 908 0.0060 ± 0.0002 894 0.0059 ± 0.0002 565 0.0037 ± 0.0002
C 135284 115506 0.8538 ± 0.0010 596 0.0044 ± 0.0002 586 0.0043 ± 0.0002 421 0.0031 ± 0.0001
OUT 34990 32108 0.9176 ± 0.0015 37 0.0011 ± 0.0002 29 0.0008 ± 0.0002 41 0.0012 ± 0.0002

6. Analysis

The primary aim of our analysis is to determine inelastic cross sections leading to the production of the
isotopes 11C, 10B and 11B nuclei, from 12C+p interactions. We also present a measurement of the total
12C mass-changing, and the charge-changing cross sections. The flow chart of the analysis is shown in
Fig. 8. The analysis framework is mainly based on the formalism described in Ref. [21]. Let us denote the
parent nucleus as ‘b’ (beam), and the resulting fragment nucleus of interest as ‘f’. Then, the probability
that the nucleus ‘b’ passes without undergoing an interaction, retaining its identity, is written as Pb→b for
the beam nucleus and the same for the fragment nucleus as Pf→f. In the following, we call this term the
survival probability of the corresponding nucleus.

The experimental facility is broadly divided into four zones which are identified as interaction regions for
the beam. These zones are the upstream region (‘up’) comprising the beam-line counters and scintillators
(e.g. S1, BPD-1/2/3 etc.), before the target, the second the target itself (T), the third a region close to
but downstream of the target denoted as ‘VD’ and corresponds to the enclosed He-filled Vertex Detector
chamber. The fourth region includes the TPCs and their support structures downstream of the target,
denoted as ‘dn’. The total survival probability of nucleus ‘b’ with the target (IN) is a directly measurable
quantity as determined from the fit normalization (see Table 3). It is expressed as the ratio of the mea-
sured number of ‘b’ tracks in the MTPC Nb, to the total number of beam particles incident on the target
Nbeam, as PIN

b→b = Nb/Nbeam. To obtain an analytical formula of the in-target interaction probability of
the fragmenting nucleus, the total survival probability can further be expressed as a product of the four
survival probabilities corresponding to the interaction zones described above. Hence, the total survival
probability of the nucleus ‘b’ for a given target setting T is:

PIN
b→b = Pup

b→b PT
b→b PVD

b→b Pdn
b→b. (1)

For the empty target holder case (OUT), the target survival probability of ‘b’
(
PT

b→b

)
inside the target is

equal to 1. Therefore, the total survival probability in this case is written as:

POUT
b→b = Pup

b→b PVD
b→b Pdn

b→b. (2)

The upstream and downstream probabilities in the equations above are independent of the target setting
and are therefore the same in the IN and OUT cases. Furthermore, dividing Eq. (1) by Eq. (2) gives the
total probability that the nucleus ‘b’ does not undergo any inelastic interaction inside the target. Since
probabilities are conserved quantities, we can obtain the total mass-changing interaction probability of
‘b’ inside the target, PT

b→X, which can be written as

PT
b→X =

(
1 − PT

b→b

)
=

1 − PIN
b→b

POUT
b→b

 . (3)
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Figure 8: The flow of the analysis for cross section calculation on a proton target derived from the cross sections on
PE and C targets. The mass-changing and charge-changing inelastic reactions are represented as b→X whereas the
isotope production cross sections are written as b→f (see Appendices A.5 and A.6 for further details).

Here the symbol ‘X’ denotes any nuclear fragment other than ‘b’ indicating that it has fragmented due
to a mass-changing reaction. Similarly, the mass-changing probability and the cross section value can
be determined for any nucleus of interest by using Eq. (3). This generality enables us to make auxiliary
measurements of various nuclei crucial for our calculations, as will be made more clear in the following
sections (see appendix Appendix A.1 for further details on auxiliary measurements). In addition, nucleus
‘b’ fragmenting to ‘f’ inside the target, where (Ab − Af = 1), which then inelastically interacts inside the
target itself, will appear as a mass-changing reaction of ‘b’. This is a two step reaction happening inside
a thin target, and, hence, the product of the two interaction probabilities is ≈ 10−6 (see Appendix A.7),
significantly smaller compared to the survival probabilities in Eq. (1).

The analysis for the charge-changing interaction is derived in the same way as described above, to ob-
tain a final expression for the in-target interaction probability, such as Eq. (3) (see Appendix A.5 for
further details). Similarly, the final expression for the in-target production of a fragment ‘f’, is derived
in Appendix A.6.

The expression for in-target interaction as given in Eq. (3) is a set of two equations, each corresponding
to the two different targets (T) namely, PE and C. The interaction cross section, σT is related to the
interaction probability PT as,

PT = 1 − exp (−dT/λ) (4)

where, dT is the thickness of the target, λ = 1/(nT σ
T) is the interaction length, and nT is the number

density of the target. It is expressed in terms of the target density, ρT, target molar mass, MT and Avo-
gadro’s constant NA as nT = NA ρT/MT. Hence, the cross section can be determined by making these
substitutions and re-arranging the terms in Eq. (4) to give the final expression as,

σT = −
MT

NA ρT dT
ln

(
1 − PT

)
. (5)

Given that the primary objective of our study is to measure the 12C+p charge-changing, mass-changing,
and production cross sections of lighter isotopes, the final cross section is computed as:

σ
p
12C→X/f

=
1
2

(
σPE

12C→X/f − σ
C
12C→X/f

)
(6)
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Figure 9: The 12C+p mass-changing cross section computed from this analysis (solid red square) along with pre-
viously reported values (open black squares). Previous measurements by NA61/SHINE in p+C interactions are
shown as open red squares [22, 23]. The lines represent various momentum-dependent parameterizations of the
mass-changing cross section [24–26].

Here X denotes the charge/mass-changing reaction of 12C and ‘f’ denotes the production of specific
isotope (in our case 11C, 11B, and 10B). The factor of 1/2 arises from the fact that the ratio C : H = 1 : 2
in each unit of the polyethylene molecule must be considered when subtracting the 12C+C contribution
from the 12C+PE interactions.

The final cross section values are subject to further corrections, taking into account the purity of the beam,
the selection of the fragments in the MTPC produced in the beam-target interaction, inelastic interaction
of fragments inside the target and uncertainty in the target density. All the corrections calculated in our
analysis are data-driven and are O(10%), whereas the corresponding systematic uncertainties are O(1-
2%) of our measurement. The corrections and systematic uncertainties are tabulated in Table 10, and are
detailed in Appendix B.

7. Results

The total reaction cross section along with the charge-changing cross section of the C nucleus, and the
proton-nucleus inelastic interaction cross section has been previously measured by many groups [27–30]
including NA61/SHINE, using a proton beam at various momenta. The data show a momentum depen-
dence of the cross section at energies E < 2 GeV, while at higher momenta the behavior is asymptotic.
Previous NA61/SHINE measurements of the inelastic cross sections using a proton beam on a graphite
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Figure 10: The charge-changing (∆Z ≥ 1) and mass-changing (∆A ≥ 1) cross section of 12C on CH2 (left) and C
(right) targets as function of kinetic energy per nucleon. The results from this work are shown as solid circles
and squares. Previous measurements of the charge-changing cross sections are shown as open circles and previous
measurements of the mass-changing or inelastic cross section are displayed as open squares [32–43]. The lines are
adapted from Ref. [44] for the parameterizations of the inelastic cross section of Refs. [45–47] and the predictions
of the FLUKA2024.1 model [48] were obtained from Ref. [49].

target were performed at 31 A GeV/c, 60 A GeV/c, and 120 A GeV/c beam momenta. The 12C+p mass-
changing cross section are computed using Eq. (6) (Fig. 9). The overlaying lines correspond to the
function describing the energy dependence of the cross section at low and high energies as detailed in
Refs. [24–26]. Our result is in good agreement with previous studies and the model lines. While the
systematic uncertainties arising due to various corrections are calculated as described in Appendix B, the
total estimated errors on our current measurements are dominated by statistical uncertainty on the ≈10%
level. The analysis of the charge-changing cross sections for 12C was validated in an independent analy-
sis [31]. The corrections applied to the calculated cross sections and the systematic uncertainty are given
in Table 10.

The charge- and mass-changing cross section on C and PE target are compared to model predictions and
previous data in Fig. 10 as a function of kinetic energy per nucleon Ekin = (

√
p2 + m2 − m)/A, where m

denotes the mass of the nucleus2. As can be seen, our measurement provides important new constraints
at high beam momenta, where the cross sections are predicted to flatten out.

The highest-energy measurements of the charge-changing cross section of carbon were derived from data
of the AMS detector in Ref. [42]. The paper reports a numerical value of 857 ± 15 (stat.) ± 26 (syst.) at
7.5 A GeV/c and states that the measured cross-section is approximately collision-momentum indepen-
dent above 4 A GeV/c. This value of the charge-changing cross section is +(126 ± 37) mb higher than
our measurement at 13.5 A GeV/c.

2 Note that the model predictions as well as some of the data in Fig. 10 are for the inelastic cross section, whereas we measured
the mass-changing cross section. However, the inelastic cross section is almost identical to the mass-changing cross section
at high energy (few mb difference above 0.5 GeV according to the FLUKA model).
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Table 4: Corrected 12C mass-changing, charge-changing, and carbon and boron isotope production cross sections
calculated in this work. The format of the cross section results is σT ± δσstat. ± δσsyst., where T=PE,C,p

Reaction σPE (mb) σC (mb) σp = 1
2

(
σPE − σC

)
(mb) Remark

12C→X 1282 ± 32 ± 1 781 ± 21 ± 5 250 ± 12 ± 2 Mass-changing, AX < 12
12C→X 1172 ± 32 ± 1 731 ± 21 ± 5 221 ± 12 ± 2 Charge-changing, ZX < 6
12C→11C 101 ± 5 ± 1 43 ± 3 ± 1 29 ± 3 ± 0

 Isotope Production12C→11B 110 ± 5 ± 2 45 ± 3 ± 1 33 ± 3 ± 1
12C→10B 57 ± 5 ± 1 26 ± 3 ± 1 15 ± 3 ± 0

The isotope production cross section results from our analysis are shown in Fig. 11, for the 11C, 11B,
and 10B fragments produced in 12C+p interactions. The lines represent the parameterization of the cross
section as a function of momentum per nucleon and correspond to the models GALPROP12, abbreviated
as GP12, developed in Ref. [50], the WKS98 by the authors of Refs. [51, 52], and the Evoli+19 fit, as
given in Ref. [53]. The importance of our current work is highlighted by the fact that there is only a single
measurement of the isotopic production cross section at momenta p > 10 A GeV/c for 11C [54]. It was
measured by using the nuclear emulsions technique at Brookhaven AGS by irradiating a proton beam
at p = 28A GeV/c on a plastic scintillator target. The 11C radioactivity was then measured by studying
the internal scintillation to determine the yield and calculate the cross section. A similar high-energy
measurement was undertaken by irradiating a carbon target with a 300 GeV proton beam.

The cumulative production cross section of boron isotopes including contributions from the decay of 11C
and 10C has been measured previously by many groups. The measurements at p = 25 A GeV/c reported
in Ref. [55] are (59 ± 12) mb for the cumulative production of 11B and (20 ± 3) mb for 10B, which is in
good agreement with the cumulative cross sections that can be obtained from the data presented here at
13.5 A GeV/c.

8. Summary and Outlook

In this work, we have presented the nuclear fragmentation cross section measurements from the NA61/
SHINE data recorded during a pilot run in 2018. We studied 12C+p interactions using the CH2 and
C targets resulting in the production of lighter nuclear fragments of B, Be, and Li isotopes. The main
aim of this paper is to highlight the isotope production cross section values which are critical inputs in
determining the propagation characteristics of cosmic rays in the Galaxy. The measurements reported
in this work demonstrate that conducting nuclear fragmentation studies of intermediate-mass nuclei at
NA61/SHINE is feasible. Our results, although from a pilot run, are in good agreement with previously
reported cross section values. Nevertheless, it is currently dominated by statistical uncertainty. Recently,
NA61/SHINE detector systems have undergone a major upgrade during the Long Shutdown 2 period
from 2018 to 2021. The front-end readout electronic boards of the TPCs were replaced with faster boards
significantly boosting the data acquisition rate from 100 Hz to approximately 1 kHz. This implies an
almost 10 times more gain in the number of recorded events, and equivalent gain in the precision of our
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Figure 11: The isotope production cross section of 11C (top), 11B (center), and 10B fragment (bottom) as measured in
this work in 12C+p reaction, compared to previous measurements [55–59]. The lines represent the parameterization
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measurements currently limited by low statistics. A dedicated high statistics run to study fragmentation
of various nuclei like C, N, O, and Si is scheduled for the end of 2024.
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J. Brzychczyk 14, M. Buryakov 20, A.F. Camino 26, M. Ćirković 21, M. Csanád 6,
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R. Szukiewicz 18, A. Taranenko 20, A. Tefelska 19, D. Tefelski 19, V. Tereshchenko 20,
R. Tsenov 2, L. Turko 18, T.S. Tveter 10, M. Unger 4, M. Urbaniak 16, D. Veberič 4,
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A. Beam Selection and Formalism of the Analysis

A.1. Auxillary Measurements of Beam Particles

The online carbon trigger (Z2 = 36) allows the neighboring elements and their corresponding isotopes
up to a charge difference, ∆Z = 1 and mass difference ∆A = 2 nuclei. This provides an excellent oppor-
tunity to make additional measurements by selecting these isotopes as the primary beam particle. These
auxiliary measurements are done by altering the upstream cuts on the calibrated data to select a desired
nucleus as the primary beam particle, such as the isotopes neighboring the 12C. The measurements are
necessary for calculating various corrections and systematics as described in Appendix B. For instance,
in order to study feed-down reactions of the type, A+p→f, where A,12C and corresponds to a neighbor-
ing nucleus producing a fragment nucleus, ‘f’. These reactions contribute to the true signal from 12C+p
reactions which needs to be corrected for. Equivalently, it also introduces a systematic uncertainty on the
measurement (see Appendix B.1 and Appendix A.2 for further details). The auxiliary measurements are
also used to calculate the mass-changing cross section of a desired nucleus, which can then be input to
correct for in-target interactions of this nucleus with the target nucleus, leading to a loss of the expected
signal (detailed in Appendix B.2).

For our measurement, we are interested in the feed-down cross section of the following nuclei: 13C,
11C, 15N, 14N, 11B, and 10B. These fragments are present in the data (Fig. 3) and are selected by placing
appropriate cuts on the time-of-flight as measured between the A and the S1 scintillators, and the charge
as measured from the energy loss in the S1 detector, Z2

S1. Furthermore, all other upstream cuts listed
in Table 1 applied for 12C selection remain unchanged. Instead of the 2D Gaussian with tails function
used to select the 12C beam particle (see Section 4), simple rectangular cuts were applied to select a
particular nucleus by placing an upper and lower limit on the time-of-flight and Z2

S1. The total number
of beam particles corresponding to these nuclei for the three target settings, PE, C, and OUT are given in
Table 5.

A.2. Feed-down due to Beam Impurities

The upstream cut defined in Section 4 is optimized to select 12C as the primary beam particle. Never-
theless, the shape of the fragment distribution in the time-of-flight vs Z2

S1 plot allows the neighboring

3 No longer affiliated with the NA61/SHINE collaboration
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Table 5: The statistics for each of the nuclei selected as the primary beam particle. The column labeled Nb gives
the total number of events, (number of this nucleus in the beam) recorded for every nucleus i and the numbers of
these nuclei as measured in the MTPC are listed in the Ni column. The total measured mass-changing probability is
given in he PIN/OUT

i→X , and the last column gives the target-out-subtracted mass-changing probability, inside the target
T.

Nucleus (i) Target Nb Ni PIN/OUT
i→X =

(
1 − Ni

Nb

)
PT =

(
PIN−POUT

1−POUT

)
PE 35810 30347 0.152 ± 0.002 0.084 ± 0.003

13C C 31501 26887 0.146 ± 0.002 0.077 ± 0.004
OUT 7953 7357 0.075 ± 0.003 -

PE 12300 10595 0.139 ± 0.003 0.068 ± 0.006
11C C 10490 9144 0.128 ± 0.003 0.057 ± 0.006

OUT 2669 2466 0.076 ± 0.005 -

PE 1692 1191 0.296 ± 0.011 0.098 ± 0.030
15N C 1292 949 0.265 ± 0.012 0.059 ± 0.030

OUT 315 246 0.219 ± 0.023 -

PE 1607 1302 0.190 ± 0.098 0.102 ± 0.019
14N C 1383 1151 0.168 ± 0.010 0.078 ± 0.020

OUT 349 315 0.097 ± 0.016 -

PE 1929 1379 0.285 ± 0.010 0.061 ± 0.028
11B C 1743 1261 0.276 ± 0.011 0.049 ± 0.028

OUT 473 360 0.239 ± 0.020 -

PE 3561 2872 0.193 ± 0.007 0.109 ± 0.012
10B C 3100 2581 0.167 ± 0.007 0.081 ± 0.013

OUT 785 711 0.094 ± 0.010 -

isotopes to be selected into the cut. These beam nuclei interact with the target material producing boron
and carbon fragments studied in our analysis. Let Nb be the total number of particles constituting the
beam, and let N12C be the number of 12C nuclei present after the upstream selection. The number of a par-
ticular type of beam nuclei is estimated from the fit performed to the upstream distribution of fragments
(Appendix A.4). Then the fraction of 12C nucleus is given by, f12C =

N12C
Nb

, and the fraction of the nucleus
i, neighboring 12C is given by, fi =

Ni
Nb

. Then it immediately follows that:

ftot =
∑

i

fi + f12C = 1 (7a)

Nb = N12C +
∑

i

Ni (7b)

Let Nm
f be the total number of fragments of type ‘f’ produced in the beam-target interaction and as

measured in the MTPC. Then this number is written as a sum of the number fragments produced by all
the beam nuclei as:

Nm
f = N12C→ f +

∑
i

Ni→f. (8)
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Table 6: Relative fractions of the number of impurity nuclei events present in the upstream selection of neighboring
12C nucleus.

Impurity (i) fraction fi
15N 6.7×10−4

14N 1.7×10−3

13C 8.0×10−6

11C 2.1×10−3

11B 7.0×10−5∑
i fi = 4.5×10−3

The quantity Ni→f is the number of nucleus ‘f’ produced as a result of the fragmentation of nucleus ‘i’.
This number can, therefore, be expressed as the product of the corresponding production probability and
the total number of nucleus i available for the interaction, as, Ni→f = Pi→f Ni. This also holds for ‘f’
produced by fragmenting 12C. Thus we can divide Eq. (8) on both sides by the total number of beam
particles, Nb to obtain the measured production probability Pm

f , as,

Pm
f =

Nm
f

Nb
=

N12C P12C→f +
∑

i Ni Pi→f

Nb
. (9)

The probability P12C→f on the right side of Eq. (9) is the true production probability of nucleus ‘f’ from
12C+T interactions. Therefore, making the necessary substitutions for the fraction of beam nuclei, and
solving Eq. (9) for the true probability, we obtain the final expression:

P12C→f =
Pm

f −
∑

i fi Pi→f

f12C
. (10)

The feed-down probabilities Pi→f of the impurity nuclei ‘i’ in Eq. (10) are measured quantities that can
be calculated explicitly by altering the upstream cuts. This enables us to select the nucleus ‘i’ as the
primary beam particle and compute the production of the nucleus ‘f’. The relative fraction fi of the nuclei
neighboring 12C are given in Table 6.

The systematic uncertainty resulting from this correction is estimated from the statistical uncertainty of
these auxiliary measurements. Eq. (10) is used to calculate the corrected production probability of the
fragments 11C, 11B, and 10B given in Appendix B.1. The correction on the cross section and the resulting
systematic is sub-dominant and at the order of ∼1% of the measured cross section of the isotopes.

A.3. Inelastic Re-interaction inside the Target

Consider a beam composed of a single type of nucleus, ‘b’, and let Nb be the total number of beam
particles incident on the target (T) of thickness d. Then the rate of inelastic interactions per unit length
interval dx of the target is given by:

dNb(x)
dx

= −
Nb(x)
λb
, (11)
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where λb is the interaction length of nucleus ‘b’ for a given target material and the negative sign denotes
the destruction of particles. If the nucleus ‘b’ fragments to ‘f’, then the differential equation describing
the production and destruction of nucleus type ‘f’ in a length interval dx is given by:

dNf(x)
dx

=
Nb(x)
λb→f

−
Nf(x)
λf
. (12)

The second term denotes the inelastic interaction of nucleus ‘f’ inside the target, and, hence, additional
measurements of nucleus ‘f’ as primary beam particles are required for this calculation. This is an implicit
assumption and is facilitated by the auxiliary measurements described in Appendix A.1. In a more general
form, Eq. (12) can be expanded to a set of linear differential equations which can be written using vector
notation as:

dN⃗(x)
dx

= M N⃗(x). (13)

Here, N⃗(x) is a vector of the number of particles at any given distance x inside the target. For convenience
of notation, we introduce a matrix M comprising of the inverse of the interaction lengths relevant for the
production of a given nuclei ‘f’. Then the solution to the first order linear differential Eqs. (11) and (13)
gives the number of particles Nb and Nf respectively, at a given distance x inside the target, and is written
as,

N⃗(x) = N⃗(0) exp(Mx). (14)

Here N⃗(0) is the number of particles incident on the surface of the target, at x = 0. For an inelastic
interaction of a nucleus ‘b’ inside the target of thickness d, the matrix M contains a single element
Mbb = −1/λb corresponding to the interaction length of nucleus ‘b’. Hence, Eq. (14) reduces to the
following form:

Nb(x) = Nb(0) exp (−x/λb). (15)

This equation can be solved for the matrix element Mbb by re-arranging the terms and taking natural
logarithms on both sides, resulting in the final expression:

−
1
λb
= Mbb =

1
x

ln
Nb(x)
Nb(0)

. (16)

Let us consider the reaction b→f concerning the production of ‘f’ from nucleus ‘b’ interacting inside the
target material. In this case, the matrix M is a lower triangular matrix containing the inelastic interaction
lengths of nuclei ‘b’ and ‘f’ as well as the interaction length leading to the production of ‘f’ from ‘b’,
λb→f. Therefore, Eq. (14) can be written as:Nb(x)

Nf(x)

 = exp
−1/λb 0
1/λb→f −1/λf

 Nb(0)
0

 . (17)

The left-hand side in the equation above represents the vector of the number of nuclear particles ‘b’ and
‘f’ at a distance x inside the target, whereas the beam composition is represented by the column vector
on the right. We have assumed a pure beam consisting of only a single type of nucleus ‘b’, the initial
number of which is Nb(0), while in principle, the presence of beam impurities is inevitable. The quantity
of interest for our measurement is λb→f which can be determined by evaluating the exact solution of the
exponential form of the matrix M and is written as,

1
λbf
=

Mff − Mbb

exp(Mffx) − exp(Mbbx)
Nf(x)
Nb(0)

. (18)
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Table 7: Function parameter values used to select primary 12C nucleus to make the optimal cut at k ≈ 10%, as
described in the text.

Z2 σx λx t σy λy

35.00 1.78 0.71 -0.04 0.04 19.83

The expression for λbf derived above requires additional measurement of the inelastic interaction proba-
bility of nucleus ‘f’ denoted by the matrix element Mff. It is computed similarly as for nucleus ‘b’ using
Eq. (16). The expression for the true in-target interaction length for nucleus ‘f’ given in Eq. (18) is then
used to correct the calculated production cross section of the isotopes, where f = 11C, 11B, and 10B, as
given in B.2.

A.4. Offline Selection of 12C as the Beam Particle

In order to select 12C as the primary beam particle, we make an offline selection on the triggered data
(Fig. 3) by fitting the tof vs Z2

S1 distribution of the beam composition. An optimal cut is then made based
on the fit, by maximizing the total number of 12C events and simultaneously keeping the neighboring
isotopes at a minimum. A 2-dimensional Gaussian with exponential tails function is used for the fit, to
describe the drop-shaped isotope peaks as seen in the tof vs. Z2 plot of Fig. 3. This function can be
mathematically described as a sum of two 1-dimensional Gaussian with exponential tails, f (x) and g(y)
along the x and y axes corresponding to the Z2 and tof axes respectively as:

F(x, y) = N
(
f (x) + g(y)

)
, (19)

where N is the normalization of each of the peaks, and the functions f (x) and g(y) are written as:

f (x) =
1
2

exp

−λx

x − Z2 −
σ2

xλx

2


 (1 + erf(a(x))

) , (20a)

g(y) =
1
2

exp

−λy
y − t2 −

σ2
yλy

2


 (1 + erf(b(y))

) , (20b)

where Z2 is the squared charge as measured in S1 and t is the time of flight difference between the A
and the S1 scintillators. The parameter σ corresponds to the width of the Gaussian function whereas λ
parameterizes the exponential tails. The arguments of the Error functions, a(x) and b(y), in the equations
above are also functions of σ and λ, and are expressed as:

a(x) =

x − Z2 −
σ2

x

λx

 1

σx
√

2
, (21a)

b(y) =

y − t2 −
σ2
y

λy

 1

σy
√

2
. (21b)
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Figure 12: The lines show the fraction of the neighboring isotopes, fimp in the 12C cut as a function of the fraction
of 12C in the cut (k), shown on the x-axis. The vertical dashed red line at k∼10−1 is the optimal cut level for 12C,
used in this analysis (see text for details).

A numerical procedure is undertaken to determine the optimal cut for the analysis. We begin by defining
the term, relative fraction of the 12C peak k, as the ratio of the maximum of the fit 12C peak f12C to the set
threshold value fth, as,

k =
f12C

fth
,

where fth is a free parameter used for optimization, and the ratio k = 1 simply corresponds to the pure
12C peak, with a very small number of events and negligible contribution from the neighboring isotopes
in the cut (see Fig. 12). Next, we determine the number of nuclear fragments produced in beam-target
interactions (N), for instance, the production of 11C, and compute its relative uncertainty. This procedure
is repeated for decreasing values of k, which means moving farther away from the 12C peak and widening
the cut to gather more statistics. At k ≈ 1, the relative uncertainty is dominated by the statistical error
(σNstat.) owing to a few events, whereas as k decreases, the systematic uncertainty (σNsyst.) increases due
to the presence of the neighboring isotopes. The optimum is defined as the value of k where the relative
error on N is minimal. This corresponds to k ≈ 0.1 and is the same for measuring the production of all the
fragments undertaken in this work. The cut corresponding to this optimal value of k is shown as a black
contour in Fig. 3.
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A.5. Calculation of the Charge-changing Probability

A charge-changing reaction is defined as an interaction where a nucleus of charge ZB fragments to any
nucleus of charge ZY after interacting with the target (T), such that ∆Z = ZB − ZY ⩾ 1. To calculate the
total charge-changing cross section of the nucleus ‘B’ we select all tracks in the MTPC corresponding to
charge ZB, and denote the reaction as B → Y. Let Nbeam be the total number of beam particles incident
on the target and NB be the total number of ‘B’ tracks as measured in the MTPC. Then, following the
notation introduced in Section 6, the total measured survival probability of a ‘b’ nucleus, is written as,
PB→B = NB/Nbeam. Therefore, the total measured charge-changing probability is then, PB→Y = 1−PB→B.
It can be expressed as a product of the survival probabilities of a carbon nucleus in the four regions
described in the previous section and equivalent to Eq. (1) for the IN and Eq. (2) for the OUT case. On
solving these equations for the charge-changing case, we can write the true interaction probability in the
target similar to Eq. (3), as:

PT
B→Y =

(
1 − PT

B→B

)
=

1 − PIN
B→B

POUT
B→B

 . (22)

The probabilities in the ratio term on the right are direct measurable quantities from the MTPC mea-
surement for the IN and OUT cases. To determine the charge-changing probability of a 12C, we simply
replace NB with the measured number of tracks NC in the MTPC corresponding to Z = 6 particles.

A.6. Calculation of the Probability for Isotopic Production

To derive the probability for in-target production of a particular nucleus ‘f’ resulting from fragmentation
of beam nucleus ‘b’, we work with the total probability measured with the target (IN). Let us consider the
simplest case of 12C nucleus fragmenting to 11C, where the difference in the mass number of nucleus ‘f’
and ‘b’ is 1, that is, ∆A = Ab − Af = 1. Then, the total measured production probability is expressed by
the following equation:

PIN
b→f = Pup

b→f PT
f→f PVD

f→f Pdn
f→f + Pup

b→b PT
b→f PVD

f→f Pdn
f→f + Pup

b→b PT
b→b PVD

b→f Pdn
f→f. (23)

The first term denotes the production of nucleus ‘f’ upstream of the target that survives an inelastic
interaction with the target and any of the downstream detectors, whereas the second term denotes the
production of ‘f’ inside the target provided the beam nucleus ‘b’ does not interact upstream, and the
produced ‘f’ survives the downstream region before it reaches the MTPC. The third term denotes the
probability of the beam nucleus interacting very close to but downstream of the target. The nucleus ‘f’
produced by the fragmentation of ‘b’ upstream of the target, at the target, and also downstream, very
close to the target share the same relative position ∆x at the end of the MTPC. Hence the total number of
‘f’ fragments measured in the MTPC when the target is removed (OUT) can be expressed as the product
of upstream and close-to-target interactions of the beam, provided that the nuclear fragment ‘f’ does not
interact inside the magnetic field, resulting in loss of the signal. The total measured probability for the
empty target holder (OUT) is written as:

POUT
b→f = Pup

b→f PVD
f→f Pdn

f→f + Pup
b→b PVD

b→f Pdn
f→f. (24)

The fragments ‘f’ produced downstream of the target, inside the magnetic field are deflected to a lesser
extent relative to the beam, as opposed to the true signal of the fragments produced at the target. These
nuclei do not traverse completely through the magnetic field and possess a smaller spread in the longi-
tudinal momentum resulting from the Fermi motion of the fragment, and thus a smaller width σF. This
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enables us to distinguish these downstream fragments from the true ‘f’ signal in the fit (blue peak in
Fig. 6). Therefore, it does not contribute to the total ‘f’ production probability inside the target,

(
PIN

b→f

)
.

To determine the in-target production probability we begin with subtracting Eq. (24) from Eq. (23). The
resultant expression is:

PIN
b→f − POUT

b→f = Pup
b→f PVD

f→f Pdn
f→f

(
PT

f→f − 1
)
+ Pup

b→b PVD
b→f Pdn

f→f

(
PT

b→b − 1
)
+ Pup

b→b PT
b→f PVD

f→f Pdn
f→f. (25)

To solve this equation for a desired target T, we need to determine the unknown probabilities from auxil-
iary measurements of nucleus ‘f’ (see Appendix A.1 for details). We begin by writing Eq. (2) for ‘f’ and
substituting the product term PVD

f→f Pdn
f→f in Eq. (25) with the ratio:

PVD
f→f Pdn

f→f =
POUT

f→f

Pup
f→f

. (26)

Next, we re-arrange the terms in Eq. (24) to obtain:

Pup
b→b PVD

b→f Pdn
f→f =

(
POUT

b→f − Pup
b→f PVD

f→f Pdn
f→f

)
. (27)

The left-hand side expression in the above equation is then used to replace the product of probabilities
in the second term in Eq. (25). After making the necessary substitutions from Eq. (26) and Eq. (27)
and re-arranging the terms to solve for the in-target production probability of ‘f’, we obtain its final
expression,

PT
b→f =

Pup
f→f

Pup
b→b

 1
POUT

f→f

(
PIN

b→f − POUT
b→f PT

b→b

) − Pup
b→f

Pup
b→b

(
PT

f→f − PT
b→b

)
. (28)

All the probabilities on the right side of Eq. (28) are direct measurable quantities except for the leading
ratio terms concerning the upstream probabilities. These probabilities can be estimated by identifying
the material of the beam-line detectors. The S1 scintillator situated approximately 36 m upstream of the
target is a 0.5 cm thick sheet of a polymer called vinyl toluene (BC-408). Its physical properties make
it remarkably similar to the polyethylene target (PE) and render it an appropriate site for the interaction
of the beam particles. Therefore, the upstream survival probability of any nucleus (‘b’ or ‘f’) can be
estimated from its mass-changing probability with the PE target, as given in Eq. (3). Further details on
the derivation of this quantity are explained in the Appendix A.7. The second term in Eq. (28) contains the
upstream production probability of ‘f’ from the fragmentation of ‘b’. Using the same analogy as before,
the total measured production probability, PIN

b→f can be used to set an upper bound on this quantity.
Whereas the denominator in the second term is the upstream survival probability of ‘b’. The quantity
PIN

b→f is relatively small and amounts to only ≈0.5% of the measured PT
b→b.

It is crucial to note that the second term in the above Eq. (28) is ⩽1% of the first term. The final expression
given in Eq. (28) applies for the case, ∆A = 1, e.g., the production of 11C and 11B from the fragmentation
of the 12C nucleus. The production of ∆A = 2 isotopes like 10B and 10C from 12C+T interaction proceeds
analogous to the analysis described in this section. With the exception that it includes additional contri-
butions from indirect production channels as well. Beam fragmentation upstream of the target can lead
to production of ∆A = 1 particles, which can then feed down to the production of the required ∆A = 2
nuclei when interacting with the target, for instance, 12C+S1→11C+T→10B. Let us once again denote the
fragmenting nucleus of interest, by ‘b’, and the fragment produced by ‘f’, where ‘f’ = ∆A = 2 nuclear
fragments. Then the total measured probability in this case, when the target is inserted (IN) is similar to
Eq. (24), and is written as

PIN
b→f = Pup

b→f PT
f→f PVD

f→f Pdn
f→f +

∑
i

(
Pup

b→i PT
i→f

)
PVD

f→f Pdn
f→f + Pup

b→b PT
b→f PVD

f→f Pdn
f→f + Pup

b→b PT
b→b PVD

b→f Pdn
f→f.

(29)
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The first, third, and fourth terms in the equation above denote the upstream, in-target, and close-to but
downstream of the target production of ‘f’ from ‘b’ respectively, and are exactly similar to Eq. (23). The
second term indicates a sum over the in-target production probabilities of ‘f’ from the intermediate∆A = 1
nuclei (denoted as ‘i’), interacting with the target. The second term is a two-step process leading to ‘f’ as
b→i→f. As the momentum per nucleon, pA is conserved in the process of fragmentation, fragments ‘f’
from the i+T interaction are deflected inside the vertex magnets in the x-z plane exactly as the true signal
from b+T interaction. Nevertheless, the product of the probabilities in the second term for the two-step
reaction (b→i→f) is O(P2) ≈ 10−6 and accounts for just 0.1% of PT

b→f (see Appendix A.7 for further
details). This simplifies our analysis to the same formalism developed for ∆A = 1 fragments in Eq. (23).
Similarly, the total measured probability for the OUT case and eventually the final expression for in-target
production of ∆A = 2 fragments are written exactly as Eq. (24) and Eq. (28) respectively. As in the case
of 11C and 11B, the auxiliary measurements from primary 10B data present in the beam composition, are
used in this analysis.

A.7. Interaction of the Beam Upstream of the Target

The various detectors placed on the beamline have to be considered to evaluate if the beam particles
interacted before the target. Beam line detectors placed before the target constitute the upstream region
of the experiment, from the scintillator S1 up to BPD-3, and are used for characterizing and studying the
properties of the beam. The counting detector S1 is an organic scintillator made from polyvinyl toluene,
with a density, ρ = 1.03 g/cm3. The scintillator has dimensions L×B×T = 6×6×0.5 cm3. Its physical
properties are similar to the PE target and has the highest upstream material budget compared to the
BPDs and air. The S1 is crucial for defining the trigger logic for online tagging of carbon particles and
hence cannot be excluded from the beam line. Therefore, the incoming beam nuclei can interact with S1,
which is to say that the upstream survival probability of a beam nucleus ‘b’, Pup

b→b , 1. However, since
we can measure the mass-changing probability of any nucleus interacting with the PE and C targets (see
Appendix A.1), we can utilize these values to compute the interaction probability with S1, or conversely
the survival probability of any beam nuclei.

Following the analysis detailed in Section 6, the mass-changing cross section (σT
b→X) on a proton target

for a nucleus ‘b’ can be computed. Similar to the case of polyethylene, given that the carbon-to-hydrogen
ratio for each polymer cell in vinyl toluene is known to be C:H = 1 : 1.1, the mass-changing cross section
of ‘b’ interacting with S1 can be computed with:

σS1
b→X = σ

C
b→X + 1.1σp

b→X. (30)

In general, the survival probability of the nucleus ‘b’ for a target T is written as, PT
b→b = (1 − PT

b→X) and
the interaction probability is expressed in terms of the cross sections and target parameters as, PT

b→X =

1 − exp
(
−dT nT σ

T
b→X

)
, where dT is the target thickness and nT is the number density of the target. For

exponent values x≪1, the expression f (y) = 1 − exp (−y) ≈ y. With this approximation, we get PT
b→X ≈

dT nT σ
T
b→X implying that PT

b→b ≈ (1 − dT nT σ
T
b→X). This enables us to re-substitute for the ratio of the

upstream survival probabilities of the ‘f’ and ‘b’ nuclei in Eq. (28).

In the case of 11C production, the interaction cross sections of the primary 11C and 12C are required.
Since these nuclei are present in the data, the corresponding in-target mass-changing probabilities are a
measured quantity (see Appendix A.1). The computed cross section values and the corresponding survival
probabilities of the two nuclei are given in Table 8. The same technique is applied for the analysis of
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Table 8: The mass-changing cross section of the primary 11C, 11B, and 10B nucleus on the C and p target. The cross
section on S1 is calculated as per Eq. (30).

Label Beam (i) σC
i→X (barn) σ

p
i→X (barn) σS1

i→X (barn) PS1
i→i (%)

PS1
i→i(B)

PS1
i→i(A)

(%)

A 12C 0.781±0.021 0.250±0.012 1.056±0.033 97.9±0.1

B

11C 0.64±0.07 0.27±0.06 0.94±0.09 97.8±0.2 100.2±0.2
11B 0.58±0.21 0.61±0.20 1.26±0.30 97.1±0.7 99.5±0.7
10B 0.91±0.15 0.52±0.14 1.48±0.21 96.6±0.5 99.0±0.5

Table 9: The in-target production probability of the 11C, 11B, and 10B nuclei from fragmentation of the 12C.
† The denominator in this ratio is the same as the PS1

i→i for 12C given in Table 8.

Fragment (f) PPE
12C→f PS1

12C→12C
†

(
PS1

12C→f
PS1

12C→12C

)
11C 0.0060 ± 0.0002

0.979 ± 0.001
0.0061 ± 0.0002

11B 0.0058 ± 0.0006 0.0059 ± 0.0006
10B 0.0036 ± 0.0002 0.0037 ± 0.0002

boron isotopes as well. The last column of Table 8 gives the ratio of the upstream survival probabilities
nucleus ‘f’ = {11C, 11B, 10B} and ‘b’ = 12C, which is very close to 1, hence simplifying the formalism as
expressed in Eq. (28)

The second term in Eq. (28) contains the probability, Pup
b→f. It quantifies the fragmentation of the beam

nucleus ‘b’ into nucleus ‘f’ upon undergoing an interaction in the upstream region. Analogous to the
explanation with the upstream survival of a nucleus, we associate the upstream production of ‘f’ to the
interaction b+S1, which can then be calculated by using Eq. (30) for the production cross section of ‘f’.
Alternatively, to determine the ratio, the quantity Pup

b→f can be substituted by the total measured production
probability of nucleus ‘f’ with the PE target, PPE

b→f (calculated and given in Table 3). Then the ratio term
is expressed in terms of known quantities as PPE

b→f/P
S1
b→b, and is given in Table 9. The denominator

corresponds to upstream survival of 12C and is calculated in Table 8. The ratio of the two quantities is
O(10−3). Moreover, the two target survival probabilities in Eq. (28) are calculated using Eq. (24). Their
values are of the same order, that is, PT

f→f ≈ PT
b→b, for the targets T = {PE,C}. Therefore, their difference

is ∼O(10−3). The total contribution of the second term in Eq. (28) significantly reduced to ∼O(10−5).

B. Calculation of Corrections and Systematic Uncertainties

The cross section values corresponding to mass-changing reactions and specific isotope production are
computed as described in Section 6 and Appendices A.5 and A.6 and are subject to further corrections.
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For instance, the feed-down probability due to the mixed composition of the beam affects the true in-
target production of our fragment of interest and needs to be corrected. Such corrections also introduce
a systematic uncertainty in our measurement. The following subsections describe the various corrections
applied to our results. The details including mathematical derivations related to some of the corrections
are given in Appendix A.

B.1. Feed-down due to Beam Impurities

The purity of the beam is defined as the ratio of the number of wanted nuclei, which in this case is
12C, to the total number of particles selected in the upstream cuts. Hence, other neighboring nuclei like
14N, 15N, 13C etc. are the beam impurities that can fragment into the lighter nuclei. Their feed-down to
relevant isotopes of interest like 11C needs to be calculated and corrected in the final computation of the
production cross section. The impact of these beam impurities depends on the number of events in the
upstream selection of 12C as described in Appendix A.4. The fractions of these nuclei fi relative to 12C,
f12C is given in Table 6. The true production probability Ptrue,T

12C→f
corrected for the feed-down from beam

impurities is given by,

Ptrue,T
12C→f

=
Pmeasured,T

12C→f
−

∑
i Pi→f fi

f12C
. (31)

The expected true probability is expressed in terms of the measured production probability of fragment
‘f’, and subtracting the feed-down from other nuclei, Pi→f (see Appendix A.2 for full derivation). The
feed-down probability is a measured quantity and is calculated by modifying the upstream cuts to se-
lect the impurity nuclei as the primary beam particle and measuring the production of the nucleus ‘f’.
The total number corresponding to each impurity nucleus present in the beam composition is given in
Appendix A.1. The systematic uncertainty due to this correction is calculated using the statistical uncer-
tainty of the auxiliary feed-down measurements. The correction and the resulting systematic uncertainty,
on each of the calculated production cross sections for the carbon and boron isotopes are given in Ta-
ble 10.

B.2. Interaction Inside the Target

The target thickness is ∼10% of the nuclear interaction length of the fragment nuclei produced in the
beam-target interaction. Therefore, there is a small yet finite probability, that the nuclear fragments pro-
duced inside the target can inelastically interact with the target nucleus. This interaction results in the
underestimation of the number of produced fragment nuclei measured in the MTPC, decreasing its final
production cross section value. Therefore, the measured interaction probability corresponds to two con-
secutive interactions for the reaction sequence, b+T→f & f+T→X and can be mathematically expressed
as a convolution of the two interaction probabilities PT

b→f and PT
f→X.

In addition to the measured probability of production of the fragment ‘f’ (Pm
b→f), the two key inputs re-

quired for this correction are the measured mass-changing interaction probabilities of the beam ‘b’, Pb→b
and the fragment nucleus ‘f’, Pf→f. These probabilities are measurable quantities and can be computed
by altering the upstream selection cuts appropriately. The final expression for the true production cross
section of ‘f’ is then written as,

σtrue,T
b→f =

1
nT dT

(
ln Pf→f − ln Pb→b

Pf→f − Pb→b

)
Pmeas

b→f . (32)
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As in the case with the correction due to feed-down from beam nuclei (Appendix B.1), the systematic
uncertainty resulting from this correction is calculated using the statistical uncertainty of the measured
mass-changing probabilities of the nuclei ‘b’ and ‘f’. The complete explanation of the derivation of
Eq. (32) is detailed in Appendix A.3.

B.3. Track Selection in the MTPC

The identification of charged fragments in the MTPC is based on the energy deposit dE/dx in the de-
tector volume, which is proportional to the squared charge Z2

MTPC. Carbon and boron fragment tracks
are selected based on the squared charge cuts as explained in Section 4.2. This results in loss of carbon
and boron tracks beyond their respective Z2

MTPC limits, leading to a selection inefficiency. It can be cor-
rected by performing a binned fit to the 1-dimensional Z2

MT PC distribution of the fragments, in the range
corresponding to the rising edge of the carbon peak 31.0 ⩽ Z2

MTPC ⩽ 33.0, for all three target settings,
PE, C, and OUT. The fraction of lost tracks is determined from the integral of the function extrapolated
beyond the lower limit, that is, in the range 0.0 ⩽ Z2

MTPC ⩽ 31.0 for the carbon fragments. Therefore, the
correction factor ϵ12C is written as:

ϵ12C =
Nm

12C

Ntrue
12C
=

Nm
12C

Nm
12C + ∆N12C

, (33)

where Nm
12C is the measured number of 12C tracks in the range 31.0 ⩽ Z2

MTPC ⩽ 44.0, while ∆N12C is the
extrapolated number determined from the fit. The sum of these two quantities is the total number of 12C
in the MTPC denoted as Ntrue

12C.

As seen in Fig. 5, since 12C and 10B share the same ∆x =0.0 cm based on their deflection in the vertex
magnetic field. Therefore, the 12C tracks in the tail of the carbon peak, affect the number of measured
boron tracks and alter the final cross section. This is accounted for by estimating the number of 12C in
the selection range for boron tracks, 22.0 ⩽ Z2

MTPC ⩽ 27.5 from the fit function. The surplus ∆N10B must
be subtracted from the measured number of boron in the MTPC. Therefore, in this case, the correction
factor ϵ10B is written as,

ϵ10B =
Nm

10B

Ntrue
10B
=

Nm
10B

Nm
10B − ∆N10B

, (34)

The systematic uncertainty due to this correction is calculated from the statistical uncertainty on ∆N.

B.4. Beam Interaction in the Detectors

The nuclear fragments produced at the target are subject to spallation at the support structures of the
TPCs. This results in a loss of fragments produced ins the target and introduces a systematic uncertainty.
The computed production cross section needs to be corrected for this loss, nevertheless, it is implicit in
the formalism adopted in this work (detailed in Appendix A.6), and needs no additional compensation.
The product of the probabilities in the second term of Eq. (23), Pup

b→b PT
b→f Pdn

f→f, ensures that fragment
tracks measured in the MTPC-L are produced by beam particle spallation at the target and survive any
inelastic interaction in the detectors and its support structures downstream of the target.

For instance, in the case of 11C production, the auxiliary measurements made with 11C as the primary
beam particle are used to calculate the total target out mass-changing probability, which is further input
to Eq. (27) to calculate the final production probability of the isotope from the beam-target interaction.
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Table 10: A summary of the calculated corrections (∆σ) applied to the measured isotope production cross sections
in 12C+p interactions, and their corresponding systematic uncertainty (δσ).

Correction
12C+p→11C 12C+p→11B 12C+p→10B

∆σ (mb) δσ (mb) ∆σ (mb) δσ (mb) ∆σ (mb) δσ (mb)

Beam impurities +0.09 ±0.04 +0.02 ±0.02 +0.01 ±0.02
In-target re-interaction +1.98 ±0.14 +3.26 ±0.37 +1.42 ±0.12
Track Selection - - - - +0.01 ±0.04
Target density - ±0.05 - ±0.06 - ±0.03

Total +2.08 ±0.23 +3.28 ±0.45 +1.44 ±0.21

B.5. Target Density Uncertainty

Another source of systematic uncertainty is the uncertainty in the measured density of both the targets,
PE and C. The graphite of the C target is the same as that of the T2K target with a known mass density
of ρC = 1.84 ± 0.01 g/cm3. Similarly, for the polyethylene target (PE), with density ρPE = 0.93 g/cm3,
the estimated uncertainty in the density from dimensional measurements is also ∼1% of the specified
mass density of the material. The systematic uncertainty on the measured cross sections is then estimated
by propagating these uncertainties in the calculation. Its contribution is approximately 15% of the total
calculated systematic uncertainty.
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