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A fundamental framework to describe nuclear matter as a function of
pressure and nuclear isospin asymmetry is the nuclear Equation of State
(EoS). Constraining the parameters of the EoS is one of the central issues
in nuclear physics, especially since the slope parameter L has not yet been
constrained well experimentally. It has been identified that a precise deter-
mination of the neutron-removal cross section in neutron-rich nuclei, which
correlates with the neutron-skin thickness, would provide a more precise
constraint on L. To this end, an experiment was performed at the R3B
setup in the GSI Helmholtzzentrum für Schwerionenforschung GmbH as a
part of the FAIR Phase-0 program. The reactions are studied in inverse
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kinematics with neutron-rich tin isotopes in the mass range of A = 124–134
on carbon targets of different thicknesses. The reaction products have been
measured at beam energies of 400–900 MeV/u in a kinematically complete
manner. In this communication, the analysis of 124Sn+ 12C at 900 MeV/u
is presented. The charge-exchange reactions, resulting processes, and their
role in the calculation of other reaction cross sections are discussed.

DOI:10.5506/APhysPolBSupp.17.3-A18

1. Introduction

The nuclear Equation of State (EoS) plays a key role in many differ-
ent aspects of modern physics, being fundamental for understanding the
structure of nuclear matter, the properties of neutron stars, and the syn-
thesis of heavy elements. The nuclear EoS describes the energy per nucleon
as a function of the density ρ and the relative proton–neutron asymme-
try δ = (N − Z)/(N + Z). For asymmetric nuclear matter, the EoS de-
pends on the symmetry energy S(ρ) with its value J and slope parameter
L = 3ρ0∂S(ρ)/∂ρ|ρ=ρ0 at saturation density ρ0. The symmetry energy at
saturation J is relatively well constrained experimentally [1]. However, the
density-dependent parameter L is still poorly known.

It has been shown that the neutron-skin thickness of neutron-rich nuclei
is a highly sensitive observable, providing more accurate constraints on the
slope of the symmetry energy [2]. A close relation has been found between
the total neutron-removal cross section σ∆N and the neutron-skin thickness
∆rnp as well [3]. This correlation enables a new approach to effectively
constrain L. The new method, which is based on a precise measurement of
the total neutron-removal cross section of neutron-rich nuclei, could provide
a possible constraint on L with an accuracy ∆L ≈ 10 MeV. In order to reach
this, the measurement of σ∆N has to be performed with 2% accuracy [3],
which is the major goal of the experiment described in the next section.

In addition, one can measure the total reaction σR and the total charge-
changing σ∆Z cross sections in the same analysis. During the latter, events
leading to a charge increase have been observed. These events are the result
of the charge-exchange reactions, which should be considered as a component
of the neutron-removal as will be discussed in Section 3.

2. Experiment

The experiment was carried out at the R3B (Reactions with Relativistic
Radioactive Beams) setup at GSI in Darmstadt. It is a versatile setup with
high efficiency and acceptance for the reaction measurements, which consists
of the large-acceptance superconducting dipole magnet GLAD and several
detection subsystems.
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The setup of the performed experiment is shown in Fig. 1. The incom-
ing ions are detected by a PSP (Position Sensitive Pin diode) detector. The
target area is surrounded by the CALIFA (CALorimeter for In-Flight detec-
tion of gamma rays and high energy charged pArticles) [4] γ-ray detector.
The outgoing beam and fragment charges are measured by the R3B-MUSIC
(MUltiple Sampling Ionisation Chamber) [5]. Evaporated neutrons are de-
tected with NeuLAND (New Large Area Neutron Detector) [6] which is
placed at 0◦ with respect to the beam axis at the end of the setup, while
trajectories of charged particles are bent by 18◦ by the GLAD. Isotopes are
tracked with x and y position information from a MWPC (Multi Wire Pro-
portional Chamber) detector [7] in front of the magnet, and from FIBER
detectors behind the magnet.
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Fig. 1. A schematic drawing of the experimental setup. The incoming beam is iden-
tified event-by-event in charge and mass. Charged fragments are likewise identified
using the detectors around the GLAD magnet. Outgoing neutrons are detected by
the neutron detector NeuLAND in the forward direction.

Secondary cocktail beams were produced in the FRS (Fragment Reaction
Separator) [8]. They were obtained from two different reaction mechanisms.
The first is the fragmentation of the 136Xe primary beam at 1.08 GeV/u and
620 MeV/u using a Be target. The second is the 238U fission at 1000 MeV/u
and 750 MeV/u, using a Pb target. As a result, cocktail beams centered on
124Sn, 132Sn, and 134Sn isotopes with energies 400–900 MeV/u were delivered
to the experimental area. The secondary targets used in the experiment were
C (1 g/cm2, 2 g/cm2), CH2 (1 g/cm2, 2 g/cm2), and Pb (980 mg/cm2).
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3. Analysis and discussion

In this section, the analysis of the 124Sn+12C reaction with a projectile
energy of 900 MeV/u and target thickness of 1 g/cm2 and 2 g/cm2 is pre-
sented. Measurements with an empty target frame were used to estimate
the background reaction contribution.

The incoming ions are identified with a charge (Z) versus mass-over-
charge (A/q) plot, shown in Fig. 2, left. Z is measured by the PSP detector,
A/q is proportional to Bρ/βγ, where the magnetic rigidity Bρ is known from
the FRS setting, and velocity βγ is obtained by measuring ToF (Time-of-
Flight) between the plastic scintillator at the S2 focal plane in the FRS and
the LOS before the secondary target. An elliptical cut was used to select
the isotope of interest. After the incoming beam identification, the outgoing
charge spectra from the R3B-MUSIC detector, placed after the target wheel,
are analyzed. Reaction products are measured in a charge range of Z=26–54
with resolution of ∆Z/Z ≈ 3× 10−3, providing a good charge separation.

  
  

Fig. 2. (Colour on-line) Left: Incoming particle identification by Z and A/q mea-
surements. 124Sn is indicated by a red/grey ellipse. Right: Comparison of outgoing
particle counts in R3B-MUSIC (Nout), normalized to the number of incoming par-
ticles (Nin), for measurements with and without the target.

As mentioned in the introduction and shown in Fig. 2, right, a small
number of events appearing at Z = 51 are observed in the charge spectra,
which result from the charge-exchange reactions. The background distribu-
tion at Z = 51 is lower than the distributions of reaction products with the
two different target thicknesses. An additional peak is also found around
Z = 52. However, this is due to contamination, since there is no increase
in the height of the Z = 52 reaction peak compared to the data without a
target. The presence of events with Z = 52 inside the cut for Z = 50 can be
explained by the observation of asymmetric “tails” towards low energy-loss
values detected by the PSP (Fig. 2, left). This allows a 0.07% of unreacted
Z = 52 events to be identified as Z = 50 in the PSP, thus bypassing the
incoming identification selection.



Measurements of the Reaction Cross Sections of Neutron-rich Sn . . . 3-A18.5

Concerning the ∆Z = +1 reaction, there are two possible processes
resulting in an increase in the nuclear charge of the projectile at high-beam
energies. One is the Gamow–Teller (GT) resonance, which is a collective
nuclear excitation mode involving a spin–isospin flip of a nucleon [9]. The
other one is the excitation of a ∆(1232) resonance and its subsequent decay
to a proton and a pion [10, 11]. The second contribution is significant for
kinetic energies Ek ≳ 300 MeV/u (the pion production threshold in the
laboratory frame), while the GT resonance can be observed at the excitation
energy Eex ≈ 16.5 MeV [12].

The production of Z + 1 nuclei via the ∆ resonance is considered in the
reaction theory based on the Glauber model, while the collective excitations
are not included [13], since the model treats nucleons as independent parti-
cles moving in the nuclear potential. In order to compare the experimentally
obtained σ∆Z and σ∆N with the theoretically deduced cross sections, these
two reaction processes need to be disentangled. One of the methods to reveal
the presence of these two contributions is a comparison of kinetic energies
of 124Sn and 124Sb fragments at the end of the experimental setup, which
would allow to estimate the energy carried away by the pion [10].

The charge-changing cross section comprises all nuclear reactions in which
the nuclear charge of the projectile changes. Events, in which at least one
neutron is removed from the projectile with an unchanged charge number,
belong to the neutron-removal channel of the reaction cross section. In the
charge-exchange reaction that turns a neutron into a proton, the primary
interaction between the projectile and the target occurs with a projectile
neutron. This type of events, however, should not be considered when ex-
tracting charge radii from the σ∆Z , since the primary reaction originates
from the neutron of the projectile. Consequently, the charge-exchange cross
section is calculated separately and needs to be added to the neutron-removal
cross-section value, when extracting neutron radii.

4. Conclusion

In this work, the observation of the Z+1 channel in the reaction of 124Sn
with carbon targets at 900 MeV/u is discussed. Two reaction mechanisms
resulting in charge increase at high-beam energies are described, namely the
GT resonance and the ∆-resonance. The analysis of Z + 1 production is an
intermediate step in order to obtain σ∆Z and σ∆N values more accurately.
The cross sections of such charge-exchange reactions are necessary to derive
the final neutron-removal cross section. Further work will include the inves-
tigation of charge-exchange reactions at lower-beam energies for 124Sn and
for other tin isotopes.
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