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Abstract

A systematic study of point proton radii along an isotopic chain provides insights into the impact of the extended

neutron wavefunction on the protons. This work aims to measure the charge-changing cross section (σcc) for neutron-

rich 23N, marking the first determination of its point proton root mean square radius, as well as the σcc for 21,22N at

beam energies around 250A MeV.
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1. Introduction

In exotic nuclei, where the ratio of protons to neutrons is highly asymmetric, unique phenomena such as the

formation of halos and neutron skins are observed. Another notable feature of these nuclei is the disappearance of

conventional magic numbers, such as N = 8 and 20, and the emergence of new magic numbers, such as N = 14 and

16, among others. These findings suggest that the nuclear shell structure is significantly modified in the neutron-rich

region. The presence of neutron halos in 11Li and 11Be has been linked to the breakdown of the N = 8 shell gap [1].

Evidence has also been found for the appearance of a new shell gap at N = 16 at the drip line in isotopes from carbon

to fluorine [2–8].
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For the nitrogen isotope chain, the point proton root mean square radii of 17−22N were recently determined through

charge-changing cross sections (σcc) on a carbon target at approximately 900A MeV by S. Bagchi et al. [9]. A thick

neutron skin was reported for 19−21N, while a neutron halo-like structure was observed in 22N. The rapid increase in

the nuclear matter radii, as observed from 22N (3.07 ± 0.13 fm) to 23N (3.41 ± 0.23 fm) [10], hints towards the halo

structure of 23N. A decrease (within uncertainties) in the point proton radii from 17N to 21N was also reported [9],

possibly reflecting a transition from deformation toward sphericity at the N = 14 shell closure. The notable increase

in radius beyond 21N may be attributed to the influence of the 2s1/2 neutron in 22N. However, even with two neutrons

occupying the s-orbital, the observed radius in 22N could not be fully explained [2], while an enlarged core in a core-

plus-n model is capable of explaining the observed magnitude [11]. Due to the lack of available data on the proton

radius of this drip-line nucleus with N = 16, this study aims to provide the first determination of the point proton root

mean square radius for 23N.

2. Methodology and experimental setup

The measurement of charge-changing cross sections for neutron-rich nitrogen isotopes was conducted using the

BigRIPS fragment separator and the Zero Degree Spectrometer (ZDS) at the Radioactive Isotope Beam Factory

(RIBF) in Japan [12]. The radioactive ion beams of 21−23N were produced by a high-energy primary beam of 48Ca

accelerated to 345A MeV, which interacted with a 10 mm-thick rotating 9Be target. The isotopes of interest were sep-

arated in flight and identified using magnetic rigidity (Bρ), time-of-flight (TOF), and energy-loss (∆E) measurements,

i.e., the TOF−Bρ−∆E method. Plastic scintillators placed at the F8 and F11 focal planes were used to measure TOF,

while trajectory reconstruction was performed using Parallel Plate Avalanche Counter (PPAC) detectors positioned

at various focal planes. Multi-Sampling Ionization Chamber (MUSIC) detectors were placed before and after a 2.5

g/cm2 thick carbon reaction target at the F11 to determine the atomic number (Z) of the particles. A schematic view

of the experimental setup, including these detectors, is shown in Fig. 1.

The charge-changing cross-section (σcc) for reactions that alter the proton number of the projectile nucleus was

determined using the transmission method on a carbon target. The number of incident nuclei (Nin) was identified

and counted based on their total mass and proton number (AZ) on an event-by-event basis before the reaction occurs.

Nuclei that pass through the reaction target at F11 with charge greater than or equal to the proton number of the

incident beam (Nout≥Zin
) are identified and counted. The charge-changing cross-section is then obtained from the

relation σcc = −
1
t

ln
Nout≥Zin

Nin
, where t is the thickness of the reaction target.

Figure 1: Schematic view of experimental setup [13].

It is important to note that nuclear reactions may occur in non-target materials within the beamline. To account

for this, measurements are taken without the reaction target. Thus, the charge-changing cross-section is measured by

σcc =
1
t

ln RTout

RTin
, where the transmission ratio with the reaction target is expressed as RTin =

Nout≥Zin

Nin
, while RTout denotes

2



the transmission ratio without the reaction target. The main advantage of this method is that it involves event-by-event

counting of the selected incident beam, thereby eliminating uncertainty in selecting the incident particles (Nin) of the

desired isotope.

3. Results and discussion

As shown in the particle identification plot Fig. 2a, the 23N isotope is well separated from other nuclear species

before the reaction target and have a count rate of 260 pps at the final focal plane F11. Exotic nuclei 20,22C and 22N

are also present in the PID plot. A similar particle identification plot is generated for the 21N isotope, with a count

rate of 290 pps at the final focal plane F11. The secondary beam energy of the exotic nitrogen isotopes at the reaction

target location is around 250A MeV.

(a) (b)

Figure 2: (a) Particle IDentification plot for 23N at F11 before target. (b) Z spectrum after the reaction target with 23N incident beam selection for

target-in (blue) and target-out (red) setup.

Fig. 2b shows the Z-spectrum for outgoing particles obtained from the energy loss information in the MUSIC

detector placed after the reaction target at F11. The charge-changing reactions are significantly increased in the

spectrum with the reaction target compared to the spectrum without the reaction target. The analysis is ongoing to

derive the measured charge changing cross section, investigating the constant transmission over the phase space. The

finite-range Glauber model will be used to extract the root mean square point proton radii from the measured cross

sections.
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