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Abstract Proton elastic scatterings of neutron-rich nuclei 23F and 25F have been measured for the first time
at 289 and 298 MeV/nucleon, respectively, using the MUST2 silicon strip detector array and RIBF facility
at RIKEN. The differential cross section of 25F was found to be smaller than the calculation with the global
potential by Koning and Deraloche. The small cross section of 25F can be well reproduced by an optical model
calculation with a shallow and long-tail potential.

1 Introduction

Nuclear structures of neutron-rich nuclei have attracted much attention because of their exotic nature, such
as neutron halo and neutron skin [1]. Evidence for the halo structures has been obtained mainly from the
measurements of the interaction cross section [2] and the momentum distribution of the projectile fragments
[3]. However, elastic scattering could be useful to investigate the structure of halo.

Recently, experimental studies showed that the dripline of fluorine isotopes was located at least 6 neutrons
farther than that of the oxygen isotopes [4], for which the inclusion of three-nucleon forces provided a micro-
scopic explanation [5]. The 25F is critical for the study of nuclear structure because it is only one proton off the
24
8 O16 doubly magic nucleus [6,7]. Theoretically, the calculation of the nonlinear relativistic mean-field (RMF)
theory predicts neutron halo in 25F [8]. Experimentally, a large interaction cross section [2] and a significant
reduction in the width of the momentum distributions [3] are shown for 25F. However, the neutron halo in
25F is still unknown. Therefore, we analyzed the 23,25F(p,p) elastic scattering data in order to investigate the
neutron halo structure in 25F.
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2 Experiment

The experiment was performed at the RI-beam factory (RIBF) operated by the RIKEN Nishina Center and the
Center for Nuclear Study, University of Tokyo. The secondary beams were produced by bombarding a 15-mm-
thick rotating Be target with a 48Ca beam at 345 MeV/nucleon with an average intensity of ∼120 particle nA.
The fragments were identified event-by-event by measuring the energy loss (�E), magnetic rigidity (Bρ) and
time-of-flight (TOF) using the standard beamline detectors in the second stage of BigRIPS [9]. The 23F
and 25F beams were produced as contaminants of the 22O and 24O beams, respectively. The intensities
of 23F and 25F secondary beams were ∼9.6 × 103 (purity 23%) and 330 (purity 1.3%) cps, respectively.
The profiles of the secondary beams were deduced by 3 sets of parallel plate avalanche counters (PPACs)
[10], with position resolution of about 2.8 mm (FWHM). Inside the vacuum chamber at F8, a polypropylene
(CH2)n foil with a thickness of 2.7 mg/cm2 was used for the measurement by setting it with 45◦ along to beam
line and face to the left side of detector arrays. A carbon foil with a thickness of 0.78 mg/cm2 was used for
subtracting the contribution of carbon in the (CH2)n foil. The energy and scattering angle of recoil protons
were measured using 4 sets of MUST2 telescopes [11] which were located at 23 cm downstream of the target,
covering an angular region from 65◦ to 90◦ in the laboratory frame. Protons were identified by measuring the
energy loss and energy with the double-sided silicon strip detector (DSSD) and the CsI detector, respectively.
For low-energy protons stopped inside the DSSD, the time-of-flight between the PPACs and DSSD was used
for the particle identification.

3 Result

The 23,25F(p,p) and (p,p′) reaction channels were identified by incident beams in BigRIPS coincident with
outgoing heavy residuals in the ZeroDegree Spectrometer and protons in MUST2. Figure 1 (left) shows the
scatter plot of the proton laboratory angle versus energy for 25F, where the solid line corresponds to the elastic
scattering. Figure 1 (right) shows the resulting excitation energy spectrum. In order to subtract the carbon
component, a constant shape distribution has been assumed for the carbon component since the excitation
energy spectrum for the carbon target was structureless. We note that the result obtained by this method should
include the contribution from the inelastic scattering to the low-energy bound excited states, due to the limited
energy resolution (∼2.1 MeV in FWHM). However, based on the DWBA prediction, it is expected to be neg-
ligible compared to the elastic scattering contribution. Finally, the differential cross sections for the 23F(p,p)
and 25F(p,p) elastic scatterings are shown in the left and right panels of Fig. 2, respectively. The errors are
statistical errors. The solid line represents the optical model calculation with the global potential parameters by
Koning and Delaroche [12] (KD potential) using Fresco code [13]. From Fig. 2, we can see that the differential
cross section of 23F can be well reproduced by the calculation, while the cross section of 25F is smaller than
the calculation. This would be explained by the different nuclear structure of 25F from stable nuclei since the
global KD potential parameters were obtained from the measurements of stable nuclei. The reduction of the
cross section of 25F is considered to be due to the shielding effect by the neutron skin. In order to understand
the reduction of cross section of 25F, we adjusted the parameters of the global KD potential. Firstly, we only
adjusted the depth of the imaginary potential and tried to reproduce the experimental cross section. The result
is shown by the dashed line and the new parameters are given as set 1 in Table 1. We found that we could

 (Deg)labθ
70 75 80 85

 (
M

eV
)

p
E

0

10

20

30

40

50

60

70

-110

1

10

F + p25

Excitation energy (MeV)

C
ou

nt
s/

50
0k

eV

-10 -5 0 5 10
0

10

20

30

40

50

60

70

80
=0.81 MeVσ

F + p25

Fig. 1 (left) Scatter plot of recoil proton energy versus scattering angle in the laboratory frame for 25F; (right) Excitation energy
spectrum for the proton scattering on 25F
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Fig. 2 Differential cross sections for the 23F(p,p) (left) and 25F(p,p) (right) elastic scatterings

Table 1 KD potential parameters

Name rc Vv rv av Wv rv av Ws rs as Vs.o. Ws.o. rs.o as.o χ2/N

KD 1.34 14.92 1.17 0.67 14.02 1.17 0.67 0.03 1.30 0.53 1.80 −2.40 0.96 0.59
set 1 1.34 14.92 1.17 0.67 10.10 1.17 0.67 0.03 1.30 0.53 1.80 −2.40 0.96 0.59 2.00
set 2 1.34 14.92 1.17 0.67 4.42 1.80 0.54 0.03 1.30 0.53 1.80 −2.40 0.96 0.59 0.59

reproduce the experimental data only by reducing the depth of the imaginary potential. Secondly, we tried to
adjust both the depth and shape of the imaginary potential. The result is shown by the long-dashed line and
the new parameters are given as set 2 in Table 1. We found that a shallow potential with a longer tail could
reproduce the result better. However, we need more sophisticated calculations in future analysis.

4 Summary

The proton elastic scatterings of 23F and 25F were obtained at 289 and 298 MeV/nucleon, respectively. The
cross section of 25F was found to be smaller than the optical model calculation with the KD potential and could
be reproduced by a potential with a shallow and longer tail. More sophisticated calculations will be carried on.
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