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Figure 1 (a) CCCSs as a function of incident energies for **Si beam on a carbon target. The circles are experimental data, and the ZRGM and scaled
ZRGM results are represented by the solid and dashed lines, respectively. The data are taken from Ref. [9]. (b) The ratio of experimental data (dots) and
theoretical values (line) of the charge-changing cross section for 2*Si on a '?C target at different energies. The data are taken from Ref. [2]
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Figure 2 (Color online) Proton removal (I) and proton evaporation (II)
processes. In case I, protons or charged particles are removed from
projectile nuclei after collisions with target nuclei, while case II includes
the pure neutron removals in the first stage from projectile nuclei and
then the charge particle evaporation stage (e.g., proton)
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Figure 3 Contribution of CPE to CCCSs for C, N and O isotopes as a
function of isospin. The experimental data and theoretical calculated

values are shown by points and lines, respectively. The data are taken
from Ref. [15]
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Charge-changing reaction mechanism of atomic nuclei
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Matter radii and charge radii are fundamental quantities that describe the size of atomic nuclei. Matter radii of unstable
nuclei have been deduced from the precision interaction cross section measurements since the 1980s using the Glauber-
type model. The sudden increase in radii paves the way for discovering exotic phenomena, such as halos and shell
evolution. Similarly, measurements of charge-changing cross section (CCCS) have been proposed to extract the charge
radii of unstable nuclei. This cross section represents the probability of removing at least one proton from projectile nuclei
after collisions with reaction target nuclei. It is related to the proton density distribution of the projectile nuclei. Unlike the
electron scattering and isotope shift methods, which are based on the well-known electromagnetic interaction, the cross
section measurements combined with the Glauber model rely on the strong interaction. A reliable determination of charge
radii crucially depends on decoupling the nuclear structure information from the reactions.

Currently, only the direct interactions between protons in the projectile nuclei with protons and neutrons in the target
nuclei have been considered in computing the charge-changing cross section in the framework of the Glauber model while
treating the projectile’s neutrons as spectators, i.e., it only includes the process of directly removing protons from the
projectile nuclei. Recent studies of CCCSs for p-shell nuclei on C targets at about 900 and 300 MeV/nucleon show that
such a model can reproduce the experimental data only by about 90%. This discrepancy from experiments by about 10%
indicates the essential role of the projectile’s neutrons in the charge-changing reactions. The charged particle evaporation
(CPE) has been proposed to resolve this discrepancy. In this process, only neutrons are removed directly from projectile
nuclei in the collision, and the residual as a hot pre-fragment, will then de-excite by emitting charged particles such as
protons and alphas. The CPE contribution to the CCCS was found to be isospin-dependent. The charged particle
evaporation can contribute to the experimental cross section by about 10% for the C target, while it can be enhanced by up
to 50% for the hydrogen target. The evaporation effect reaches its maximum at nuclei with similar numbers of protons and
neutrons. The latest study shows that a new phenomenological factor (S;) can characterize this CPE well for each reaction
target. This factor can be written explicitly as a linear function of the nucleon separation energies of the studied projectile
nuclei, which allows one to consistently deduce the point-proton distribution radii from the cross sections on various
targets.

Experimentally, it remains challenging to distinguish between direct proton-removal and proton evaporation following
neutron-removal processes in charge-changing reactions. The simplest mechanisms are the direct proton removals and the
proton evaporation after neutron removals. It will be very important to determine and understand the mechanism behind the
S)-factor if one can distinguish the different sources of proton yields. For this purpose, we have employed the isospin-
independent quantum molecular dynamics (IQMD) plus GEMINI model to simulate the heavy ion collisions at around 300
AMeV for Si isotopes on carbon. Such simulations allow us to analyze and trace the outgoing protons. We show that it is
possible to classify the produced protons by their angular distributions. New experiments are planned at the RIBLL2
beamline.

exotic nucleus, charge-changing reaction, nuclear reaction model, charge radius
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