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The GSI/FAIR facility has been used to produce at a relativistic kinetic energy of 540 MeV/u a
beam of neutron-rich light isotopes in the region of nitrogen. In particular, the projectiles of 19N
impinging on a liquid hydrogen target can be used to populate unbound states of neutron-rich
carbon isotopes, such as 18C. The decaying 18C∗ →17C+n system is studied by detecting in
coincidence the evaporated neutron and the fragment, as well as the emitted 𝛾-rays. The invariant
mass method in inverse kinematics is employed to reconstruct the energy spectrum of the fragment
above its neutron separation energy, finding in this work a clear third resonance-like structure with
a higher strength than the previously reported ones.
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1. Introduction

The nuclear shell model has provided the basis for understanding nuclear structure, with
magic numbers emerging due to a strong spin-orbit interaction in the nuclear mean-field potential.
However, the validity of these conventional magic numbers is not universal, as shell evolution
occurs with increasing neutron-proton (N/Z) asymmetry. In exotic nuclei, particularly those near
the driplines, this evolution leads to the weakening or disappearance of traditional shell closures and
the emergence of new ones, as observed in various studies [1, 2]. It is known that for neutron-rich
nuclei exotic properties emerge such as an enhanced probability of cluster formation, neutron skins
and halos, or large deformations.

An interesting case for studying such effects is found in the isotopic carbon chain, experimen-
tally accessible from the proton to the neutron driplines. They exhibit diverse structural phenomena,
including single- and two-neutron halos [3], large deformations [4], and anomalous electromagnetic
transition rates [5]. In particular, neutron-rich carbon isotopes provide an opportunity to investigate
proton spin-orbit splitting close to the neutron dripline. The splitting of the 1p orbitals is expected
to be quenched due to tensor and two-body spin-orbit forces acting on the 1p protons when addi-
tional neutrons occupy the d5/2 and s1/2 orbits. However, this is a current subject of debate since
some works suggest the prevalence of the Z=6 gap [6], whereas knockout measurements suggest
its erosion towards the dripline [7]. The energy systematics of the first 2+ states in the even-even
carbon isotopes further highlight the impact of shell evolution. The nearly constant and low energies
in 16,18,20C have been interpreted as evidence for the disappearance of the N=14 sub-shell gap in
carbon [8], contrasting with oxygen isotopes. This behavior has been linked to the near-degeneracy
of the 𝜈s1/2 and 𝜈d5/2 orbitals. Additionally, standard shell-model calculations using the WBT
interaction overestimate the 2+ energies in carbon. Agreement with experimental data is achieved
by reducing the neutron-neutron interaction strength in the sd shell by 25% (WBT*).

Given these observations, further spectroscopy of odd-mass neutron-rich carbon isotopes is
essential to refine our understanding of the evolution of shell structure and effective nucleon
interactions. This work will focus on the study of 18C, known to be a core of 14C plus four valence
nucleons strongly correlated in pairs in the 𝑠𝑑 shell [9].

2. Experimental setup

The R3B collaboration offers a versatile reaction setup with high efficiency, acceptance, and
resolution for kinematically complete measurements of reactions with high-energy radioactive
beams, as illustrated in Fig.1. In this experiment, a primary beam of 40Ar10+ was accelerated up
to 600 MeV/u at SIS18 and with the help of fragmentation reactions onto a 4 g/cm2 Be target at
the entrance of the Fragment Separator (FRS), a secondary cocktail beam containing neutron-rich
light isotopes of B, C, N, O was produced. The beam is guided to the experimental hall using the
FRS spectrometer, where the ions impinge onto a 5 cm-long liquid hydrogen (LH2) target. The
incoming ions are identified with the B𝜌-Δ𝐸-ToF method (Fig.2a). The charge state of the ions is
determined thanks to a MUSIC (MUlti-Sampling Ionization Chamber) detector. For the mass, the
Time-of-Flight between the FRS and the experimental area is obtained thanks to plastic scintillators,
one at the beginning of the R3B setup (LOS) and another one at the second focal plane of the FRS.
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Surrounding the target area, the CALIFA detector, a highly segmented calorimeter composed of
1504 CsI(Tl) crystals, is located. It measures 𝛾-rays and light-charged particles (LCPs) emitted
with polar angles 𝜃 ∈ (22◦, 89◦) thanks to a double-range readout.

Figure 1: Schematic overview of the R3B setup, beam coming from the left.

The charge of the reaction products is double measured, once right after the target using DSSD
(FOOT’s) and another at the end of the setup using the ToFD [10], a multi-plane plastic scintillator
system. Mass determination was performed via B𝜌 analysis using SciFibers in combination with
a trajectory reconstruction algorithm. A sample fragment identification matrix for 19N as the
selected incoming isotope is shown in Fig. 2b). To detect neutrons emitted after the reaction,
NeuLAND [11], a segmented plastic scintillator array, was employed. This detector can provide
neutron multiplicities, timing and energy measurements in the forward direction; allowing the
reconstruction of unbound states that decay via neutron emission. Neutrons originating from direct
knockout are expected to be emitted at high polar angles, being their contribution to NeuLAND
minimal and ensuring that detected neutrons can be reliably associated with post-reaction decay.
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Figure 2: (a) Identification of the incoming isotopes arriving at the experimental setup. (b) Outgoing
fragments when selecting 19N as the incoming isotope.

3. Results

The present work studies the channel 19N(p,2p)18C*. The key detectors for the analysis are
the CALIFA calorimeter and NeuLAND. By changing the gate on the final detected fragment, the
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observables obtained with these detectors can be compared and the excited (and unbound) states
can be studied by measuring the evaporated particles (𝛾’s and neutrons).

3.1 CALIFA observables

The de-excitation 𝛾-rays are measured with the high-gain electronic readout of CALIFA. The
𝛾-ray spectrum when selecting 19N as incoming and 17C as outgoing is displayed in Fig.3a), with the
Doppler correction applied. 17C has two excited states below 𝑆𝑛 = 734 keV, one at 217(1) keV and
another one at 332(2) keV [12]. Our spectrum shows a clear peak at 330(30) keV, compatible with
the 332 keV photopeak. Another structure at 203(39) keV is visible, being most likely an overlap
of the 217 keV photopeak with the tail of the noise in the crystals. Typically, a threshold of around
50 keV is used in the crystals, and energies higher than 200 keV are required for the clusterization.

The opening angle between the two protons coming from the (p,2p) knockout reaction is
reconstructed by measuring the position of two high-energy hits in CALIFA, measured thanks to
the low-gain electronics readout. When a LCP hits the calorimeter, its energy is usually spread
among several crystals. A clusterization algorithm that adds the energies deposited in neighboring
crystals is applied to reconstruct the initial energy of the particle. The position of the cluster is
calculated as the weighted average of the crystals forming it. The experimentally reconstructed
opening angles when selecting 19N as incoming and 18C, 17C or 16C as outgoing are displayed
in Fig. 3c). The distributions can be compared with those shown in Fig. 3b), which are the
opening angles simulated with INCL++ [13]. The drift towards a lower average opening angle
and the broadening of the distributions as a lighter fragment is selected is expected, since the re-
scattering probability increases. The positions of the distributions are in good agreement between
the experimental data and the simulated ones. The fact that the experimental distributions are wider
comes from the fact that no experimental resolution is considered in Fig. 3b), being the angular
coverage of a crystal unit of a few degrees both in polar and azimuthal angles.
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Figure 3: a) Spectrum of the measured 𝛾-rays when selecting the 17C as final fragment, taking events with
multiplicity 1. b) Opening angle of the two protons in the (p,2p) reaction for fragments 18C, 17C and 16C
reconstructed using the INCL++ simulation. c) Same as b) but experimental data is used. Opening angle
distributions are normalized in both panels b) and c) to have the same integral for better comparison.

3.2 NeuLAND neutron reconstruction

The relative kinetic energy between the emitted neutron and the fragment Erel is reconstructed
using the Time-of-Flight from the target to the detector and the spatial coordinates of the hit.
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Figure 4: Top panel: NeuLAND detection efficiency
as a function of Erel; bottom panel: preliminary ex-
perimental reconstructed Erel between the 17C and the
emitted neutron detected with NeuLAND.

The top panel of Fig.4 displays the estimated
NeuLAND efficiency 𝜖neu as a function of Erel,
which is around 80% up to Erel = 4 MeV, then
it starts decaying. The estimation is performed
with an INCL++ simulation. The preliminary
reconstructed one-neutron energy spectrum for
19N(p,2p)18C∗ → 17C+n is shown in the bottom
pannel of Fig.4. The total spectrum is fitted to
three Breit-Wigner distributions plus the con-
tinuum, which is estimated with ABLA++ [14]
following the thermal emission of neutrons,
parametrized as 𝑎

√
Erel𝑒

−𝑏∗Erel being the param-
eters 𝑎 = 50.1 MeV-0.5 and 𝑏 = 0.44 MeV-1.
Three resonances are visible at 1.16, 3.21 and
5.7 MeV.

This result is in good agreement with previous measurements with the R3B/LAND setup
[15, 16]. However, thanks to the higher geometrical acceptance of NeuLAND with respect to the
previous setup, the third peak appears to be more populated now. The fact that the first peak is
rather narrow with respect to the other two could indicate that the former is an isolated resonance,
whereas the others could be a mixture of several.

4. Conclusions

Excited states of 18C are measured in inverse kinematics by using the 19N(p,2p)18C reaction
with an incoming energy of 540 MeV/u. The decaying 18C* → 17C+n system was studied in order
to look for unbound states of the 18C. A clear third resonance-like structure in the Erel of 17C+n
at 5.7 MeV above the neutron separation energy is observed. The next steps will be to study the
correlation between the observed 𝐸𝛾 and Erel, as well as the two-neutron emission of the system.
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