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The Coulomb excitation of 124,128,130,132,134Sn isotopes in the electric
field of a Pb target have been studied using the R3B setup as a part of the
FAIR Phase-0 program. The experiment was motivated by the possibility of
using the nuclear dipole response to infer valuable information on the slope
of the symmetry energy of the nuclear equation of state. Measurements
were performed in inverse kinematics at relativistic energies of 750 MeV/u
and 904 MeV/u. The analysis method and preliminary results for the decay
channel with a single outgoing neutron for 124Sn are reported.

DOI:10.5506/APhysPolBSupp.17.3-A17

1. Introduction

The electromagnetic interaction can be a resourceful tool to probe the
underlying details of nuclear structure and dynamics [1]. One such case is
the relativistic Coulomb excitation of heavy nuclei. When a heavy nucleus
moving at highly relativistic speeds (in our case β > 0.8) gets exposed to
a Coulomb field of a high-Z target, collective excitations, mostly of electric
dipole (E1) character, are initiated. The E1 response of heavy neutron-rich
nuclei is comprised of two main components — the giant dipole resonance
(GDR) at higher excitation energies and the pygmy dipole resonance (PDR)
at lower ones (see e.g. [2]). The GDR exhausts a major part of the dipole
strength and can be viewed as an out-of-phase oscillation between the pro-
ton and neutron densities of the nucleus. At lower energies, a fraction of
the dipole strength forms the so-called PDR, which can be macroscopically
interpreted as an oscillation of the neutron skin around the isospin symmet-
ric core. Hence, the nuclear dipole response reflects the isospin imbalance
of the system. This can be utilized to place a constraint on the slope of the
symmetry energy L of the nuclear equation of state (EOS) — a task that
requires an isospin-sensitive observable. Major research efforts are nowadays
addressing this topic since a better understanding of the nuclear symmetry
energy would help yield answers to open questions in both nuclear structure
and astrophysics [3].

The Coulomb excitation cross section (σC) at high beam energies is a
quantity that contains the information about the E1 response of the nucleus.
It can be studied by measuring neutron and gamma decay after excitation.
Experimentally, it is more easily accessible than the full excitation spectrum
of the nucleus and for the purpose of constraining L, it carries essentially the
same information as the dipole polarizability [4], a well-established observ-
able in EOS studies [5]. This work aims to extract σC above the one-neutron
separation threshold for the available tin isotopes in the mass range of 124–
134.
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2. Experiment
The experiment was performed at the GSI Helmholtz Centre for Heavy

Ion Research. The UNILAC, SIS18, and FRS facilities were used for the
acceleration of the primary beam, production of the secondary beam, and
transport of the latter to the R3B (Reactions with Relativistic Radioactive
Beams) experimental setup. Production of the secondary cocktail beam
centered around 124Sn was ensured through fragmentation of 136Xe on a Be
target while for the production of the neutron-rich Sn isotopes in the mass
range of 128–134, fission of 238U on a Pb production target was used.

Incoming beam identification (ID) is achieved with the Bρ–∆E-ToF
method [6]. On this account, the value for the magnetic rigidity Bρ is
determined by using Bρ0 of the centered ion (known from magnet settings)
and the lateral deviation from the centered ion trajectory measured at the
S2 focal plane of the FRS. The charge is obtained from the energy deposited
in a thin segmented silicon detector, while the time of flight is measured be-
tween scintillators at the S2 focal plane of the FRS and the start detector
at the entrance of the R3B setup. After passing through incoming identifi-
cation detectors, the beam impinged on different secondary targets. Carbon
(1 g/cm2), lead (0.98 g/cm2), and an empty target frame were used for
measuring σC.

The target area was surrounded by the γ-ray detector CALIFA [7] com-
prised of CsI(Tl) crystals covering angles in the range of 19◦–90◦. Closely
downstream an ionization chamber was installed for accurate fragment charge
determination followed by a multi-wire proportional chamber for measure-
ment of the x and y positions. Charged fragments were then bent in the
superconducting GLAD magnet in order to separate them according to their
mass-over-charge ratio A/Q, and detected in several tracking detectors along
the fragment arm. Scintillator fiber detectors were placed to measure the
x and y positions of the fragments at several locations along the fragment
trajectory, while a scintillator wall [8] was used at the end of the path for
final charge and time-of-flight (with respect to the start detector) measure-
ment. Information from the tracking detectors is used in a multidimensional
fit routine determining fragment mass with 0.2% (sigma) resolution. Evapo-
rated neutrons from the fragment followed straight trajectories, about 16 m
long, from the reaction point to the NeuLAND neutron detector [9] where
their time of flight and position were measured.

Measurement of σC is attainable with this arrangement in inverse kine-
matics (which is used since most of the studied isotopes are short-lived) and
high relativistic energies such that reaction products are Lorentz boosted in
the laboratory frame of reference ensuring high acceptance. The lead tar-
get is used because of its high Coulomb field. Considering possible nuclear
reactions, mostly knockout channel will be populated. With this setup, one
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also benefits from the nature of the angular distribution of knocked out nu-
cleons. Their distribution peaks at 45◦ [10] and since the neutron detector
covers roughly up to 7◦ in scattering angle, only the tail of this distribution
will be in the acceptance, making neutrons from de-excitation of dipole res-
onances the majority. The contribution from inelastic nuclear scattering is
subtracted using measurements on the carbon target.

3. Results and discussion

The 124Sn setting at 904 MeV/u has been analyzed and a preliminary
one-neutron decay channel σC was obtained from the data. Other isotopes
as well as higher multiplicities of neutrons will be the focus of further in-
vestigations. For the determination of a one-neutron cross section, proper
particles in the incoming and outgoing channel need to be selected. In the
incoming identification spectrum (Fig. 1, left), a specific ion is chosen using
an elliptical cut where the axes of the ellipse correspond to 2σ values of the
charge and A/Q distributions. In this case, the isotope having Z = 50 and
A/Q = 2.48 corresponding to 124Sn is selected.
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Fig. 1. Incoming ID for 124Sn setting at 904 MeV/u (left) and correlation between
neutron ToF (nToF) and A/Q of detected tin fragments for incoming 124Sn (right).

The reaction channel of interest is selected in the 2D histogram showing
correlations between the time of flight (ToF) measured in the neutron de-
tector and the A/Q of the fragment (Fig. 1, right). For the current analysis,
the fragment velocity is approximated with the incoming beam velocity. The
one-neutron (1n) channel corresponds to events inside the rectangle centered
at 2.46 in A/Q (123Sn). The used cut encloses a 2σ range from the mean
in A/Q and a 60–83 ns ToF range. At A/Q = 2.48 (124Sn), one can notice
the absence of coincidences in the neutron ToF region, while the structures
above ≈ 76 ns are well-separated background reactions from beam particles
at the end of the fragment arm and the beam dump where secondaries in-
troduce a signal in the neutron detector. In the right panel of Fig. 1, higher
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neutron multiplicity events associated with A/Q < 2.46 can be noticed. To
extract their contribution to the cross section, the multi-neutron analysis
will have to be performed including simulations from which reconstruction
efficiencies can be obtained. The Coulomb excitation cross section in the
lead target is calculated according to

σC =
M(Pb)

d(Pb)NA
[pPb − pempty]− α(Pb,C)

M(C)

d(C)NA
[pC − pempty] , (1)

where pi denotes the reaction probability which is determined as the ratio of
events from a certain target and the total number of incoming projectiles.
To account for secondary reactions occurring in the target or elsewhere in
the detector setup and tracking efficiency, an approximation was made where
the number of incoming projectiles was substituted with the number of un-
reacted projectiles at the end of the setup (≈ 35% difference) [4]. The molar
mass of the target material and the thickness of the target are denoted with
M and d, respectively, while NA is the Avogadro constant. For the back-
ground subtraction, the above-mentioned empty target is used, while the
carbon target serves the purpose of subtracting nuclear contribution to σC.
The latter assumes that most interactions with carbon will be of nuclear
origin due to its small atomic number. The cross section determined with
the carbon target is scaled by the factor α, taking into account the size
difference between carbon and lead nuclei [11]

α =
1 + aA

1/3
Pb

1 + aA
1/3
C

, a = 0.14± 0.01 . (2)

The efficiency and acceptance of the neutron detector were obtained from
Geant4 simulations. The 1n detection efficiency at 904 MeV is obtained as
≈ 80%. The acceptance is calculated as a function of the neutron kinetic
energy. Up to ≈ 5 MeV neutron kinetic energy (in the fragment rest frame),
the acceptance is 100%, above, it starts to decrease and at 35 MeV, it falls
below 20%. An additional cut was applied at 15 MeV corresponding to the
adiabatic cutoff energy (for details, see Ref. [4]) from which one-neutron
separation energy was subtracted. Although this was evaluated as a good
starting estimate, refined calculations of statistical decay should give a more
accurate limit. Both statistical and systematic errors (stemming from effi-
ciency and acceptance uncertainties) are taken into account. The contami-
nation remaining after the cuts applied on outgoing fragments and neutrons
is yet to be examined in more detail. The value of preliminary 1n cross
section is determined as σC(1n) = (1130± 77) mb.
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In 124Sn, the one-neutron separation energy lies around 8.5 MeV, while
the two-neutron separation energy is found at approximately 14.4 MeV. The
GDR is located near 15 MeV, hence 1n decay is expected to be the largest
contribution to the σC among other neutron decay channels since the phase
space for possible decays is the largest (which is also confirmed in Ref. [4]).

From the theoretical side, calculations of σC will be performed following
the virtual photon formalism [1] as well as the coupled channel method [12]
using the input from various relativistic and non-relativistic energy density
functionals. The comparison with theoretical calculations which will include
an examination of other multipoles, as well as a more detailed subtraction
method of the nuclear contribution to the measured cross section, will be
made once other neutron decay channels have been analyzed.

This work has been supported in part by the Croatian Science Foun-
dation under project No. IP-2018-01-1257, and in part by the Center of
Excellence for Advanced Materials and Sensing Devices, grant No. KK.
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