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This study examines charge-changing cross sections for 12C, 14N, 16O, and 20Ne projectiles on elemental
targets (C, Al, Cu) at a beam energy of around 290 MeV/nucleon. The two-stage abrasion-ablation model is
used, with the abrasion stage described via the Glauber model, incorporating validated single-nucleon density
distributions from proton elastic scattering data. In the ablation stage, where particle evaporation occurs, the
contribution to charge-changing cross sections is estimated using two approaches. First, a statistical decay model
is employed to analyze the evaporation of protons following neutron removal in the abrasion stage. The second
approach estimates evaporation contributions by subtracting the direct process component (abrasion) from the
experimental charge-changing cross-section data. A comparison between these estimated contributions from the
experimental data and the predictions of the statistical model enables a systematic evaluation of the evaporation
process. The key factors influencing evaporation, such as excitation energy distribution parameters, decay width
of the emitted particles, and nucleon separation energies, are analyzed. A strong correlation is observed between
the maximum excitation energy available for evaporation and the neutron separation energy of the projectiles
across different targets, highlighting the role of evaporation dynamics in the charge-changing cross sections.
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I. INTRODUCTION: NUCLEAR FRAGMENTATION

The space radiation or galactic cosmic ray (GCR) envi-
ronment is a complex mixture of photons, electrons, protons,
and other heavy ions with energy ranging from a few eV
to several TeV per nucleon. GCRs are emitted by sources
beyond the solar system, principally supernovae, gamma-ray
bursts, and other high-energy cosmic phenomena. As these
intense particles move across space, they contact interstellar
material and magnetic fields, which can trigger fragmenta-
tion and nuclear spallation [1], resulting in secondary particle
creation. When high-energy heavy ions breach spacecraft
shielding materials, they fracture into a slew of lesser ions
with lower atomic numbers that can go deeper than the in-
coming particles. These nuclei in GCRs can have enough
energy to pierce any shielding device currently employed
on mission spacecraft. Interactions among the ions in the
space environment are vital in various areas critical for space
study and exploration due to the secondary radiation fields
they generate. Space radiation may infiltrate housing, ships,

*Contact author: sukhendu_d@ph.iitr.ac.in
†Contact author: vishal.choudhary@jecrcu.edu.in
‡Contact author: rchatterjee@ph.iitr.ac.in
§Contact author: whoriuchi@omu.ac.jp

equipment, and spacesuits, thereby putting personnel at risk.
One of the most difficult issues in keeping astronauts fit and
healthy while traveling through the solar system is minimiz-
ing the physiological changes produced by space radiation
exposure [2]. Due to the difficulty of reproducing the GCR
radiation environments on Earth, stochastic (Monte Carlo) or
deterministic transport algorithms are required for risk assess-
ment of exploratory mission scenarios and shielding design.
Radiation transport algorithms employ fragmentation cross
sections, also known as production cross sections, which in-
clude charge-changing cross sections, neutron removal cross
sections, interaction cross sections, and total reaction cross
sections to measure this phenomenon. The primary aim is to
accurately model the interaction between particles and mate-
rials in space environments. The nuclear fragmentation cross
sections used in space radiation transport codes at NASA
are derived from experimental data and theoretical models.
Experimental measurements [3–7] of nuclear fragmentation
cross sections involve bombarding a target material with a
beam of energetic particles and analyzing the resulting nu-
clear reactions. These experiments are typically performed
using accelerators and detectors to measure the products of
the interactions. Experimental data provide crucial informa-
tion on the probabilities of various nuclear reactions and
fragment production for different projectile energies and tar-
get materials. On the theoretical side, the required cross
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sections are computed using some semiempirical models like
the Silberberg-Tsao [8] model and a series of codes like
NUCFRAG [9], NUCFRG2 [10], and NUCFRG3 [11] developed by
NASA. There are also a few software packages that are used in
cross-section estimation for space radiation applications, like
GEANT4 [12], FLUKA [13], PHITS [14], and LISE++ [15].

A proper analysis of the fragmentation process and cross-
section measurements are also useful ingredients for modeling
the transport code for the use of ion beam therapy dose calcu-
lations and treatment planning. When charged particles travel
through matter, they lose energy largely through interactions
with the material’s atomic electrons and nucleus. The depth of
penetration of the particles affects the energy deposition. The
Bragg curve describes the connection between particle energy
deposition or stopping power and material penetration depth
[16,17]. When the Bragg peak is considered, the interaction
cross section or total reaction cross section directly affects
the total energy deposition profile of the charged particles
[18,19]. A higher cross-section value results in a wider and
shallower Bragg peak. This is due to the fact that particles
with bigger cross sections have more frequent contact, re-
sulting in a more progressive loss of energy across a wider
depth range. The values of the cross sections vary from ion
to ion depending on the nuclear interactions the ion under-
goes when traveling through the material or human body.
The fragments or ions like 4He and 12C become very use-
ful for radiation therapy because of their favorable depth to
dose Bragg curve. Recent results [20,21] on 3He and 12O
ions have also proven to be very useful in heavy ion beam
therapy.

Nuclear fragmentation in heavy-ion collisions at interme-
diate energies has been a subject of extensive research over
the past few decades [22–24]. Of particular interest are ex-
otic nuclei, such as halo nuclei [22,25,26] with extended
neutron distributions or bubble nuclei [27,28] with reduced
central densities, which exhibit unique structural properties
that influence reaction dynamics. These exotic features not
only provide valuable insights into nuclear interactions but
also play a critical role in understanding nucleosynthesis and
the evolution of matter in astrophysical environments [29,30],
such as supernovae and neutron star mergers.

The charge-changing cross sections across nuclei can be
effectively described using the abrasion-ablation framework
[31–34]. This process involves two principal mechanisms
where proton removal plays a central role. In one scenario,
abrasion of protons occurs during the initial impact, often
accompanied by neutron removal, followed by neutron evap-
oration in the later stage. In the alternative scenario, neutrons
are primarily removed during the initial phase, while subse-
quent evaporation leads to the loss of one or more protons
along with additional neutrons. These distinct pathways col-
lectively influence the final charge of the residual nucleus. In
the abrasion step, nucleons from the overlapping zone of the
projectile and target are abraded, depending on the impact pa-
rameter, resulting in the formation of excited remnants of the
initial nuclei, known as prefragments. In the subsequent abla-
tion step, these prefragments deexcite through the evaporation
of light particles. The evaporation chain continues until the
excitation energy of the prefragments falls below the particle

emission threshold energies, resulting in the formation of the
final fragments.

In this paper, we study charge-changing cross sections us-
ing the abrasion-ablation model for 12C, 14N, 16O, and 20Ne
projectiles on elemental targets C, Al, and Cu at a beam
energy around 290 MeV/nucleon. The abrasion stage, repre-
senting direct nucleon removal, is modeled using the Glauber
formalism [35,36] with appropriate nuclear density distribu-
tions. The ablation stage is governed by statistical evaporation
models [15] based on Hauser-Feshbach theory, which calcu-
lates the light particle evaporation probability from excited
prefragments.

To assess the evaporation contributions, we compare sta-
tistical model calculations with estimates from experimental
charge-changing cross-section data by subtracting the calcu-
lated abrasion component. The evaporation process depends
on several key factors, including excitation energy distribu-
tions (EED), nuclear level densities, decay width ratios, and
neutron/proton separation energies of the prefragment nuclei.
A detailed analysis is performed to examine the influence of
EED parameters across different targets, revealing a linear
inverse correlation between the maximum excitation energy
and the projectile neutron separation energy.

The paper is organized as follows. The theoretical for-
malism involving the abrasion-ablation formalism is briefly
described in Sec. II, followed by the details of the results and
discussions in Sec. III, and the summary and conclusions of
the present work in Sec. IV.

II. THEORETICAL FORMALISM

A. Primary fragmentation or abrasion stage

The Glauber multiple scattering approach [35] is a credi-
ble theoretical model for calculating projectile fragmentation
in high-energy collisions. Let a projectile of mass number
AP that consists of NP neutrons and ZP protons produce a
fragment of mass number AF with neutron number NF and
proton number ZF in the collision with a target nucleus of
mass number AT . The differential cross section for the primary
yield of the fragment with NF neutrons and ZF protons are
written as the product of the density of states ω(E , ZF , AF )
and an integral over impact parameter b [31,32,36],

dσ

dE
(E , ZF , AF ) = ω(E , ZF , AF )

∫
d2b [Pp(b)]ZF [Pn(b)]NF

× [1 − Pn(b)]NP−NF [1 − Pp(b)]ZP−ZF .

(1)

The integral represents the cross section for each primary
fragment state as a sum over impact parameters, considering
the probability that ZF protons and NF = AF − ZF neutrons
from the projectile do not scatter, while the remaining ones
do. The terms Pp(b) and Pn(b) denote the probabilities that
a proton or neutron from the projectile, respectively, does
not collide with the target. ω(E , ZF , AF ) is the density of
states, which is calculated by counting all combinations of
projectile holes consistent with the fragment’s charge and
neutron numbers [31]. Thus, the energy-integrated primary
cross section σ (E , ZF , AF ) inherently includes the binomial
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factor
(ZP

ZF

)(NP

NF

)
, a component that has been incorporated in

several previous models [31,37]:

σ (E , ZF , AF ) =
(

NP

NF

)(
ZP

ZF

)∫
d2b [Pp(b)]ZF [Pn(b)]NF

× [1 − Pn(b)]NP−NF [1 − Pp(b)]ZP−ZF . (2)

Now following the work in Ref. [38] we can calculate the
required cross sections as follows.

The total reaction cross section is obtained by taking the
sum of cross sections in all events where at least one nucleon
is removed, which is given as

σR =
∫

d2b[1 − [Pp(b)]ZP [Pn(b)]NP ]. (3)

The partial neutron removal cross section (σ−xn) can be calcu-
lated from Eq. (2) by setting ZF = ZP. The cross section for
removal of x neutrons from the projectile is

σ−xn =
(

NP

x

) ∫
d2b [Pp(b)]ZP [Pn(b)]NP−x[1 − Pn(b)]x. (4)

The total neutron removal cross section is calculated by
adding all events with at least one neutron removed without
disturbing the proton number in the projectile:

σ�N =
NP−1∑
NF =0

σ (NF , ZP )=
∫

d2b[Pp(b)]ZP{1 − [Pn(b)]NP }. (5)

The charge-changing cross section in the abrasion is measured
by taking all the events in which at least one proton is removed
and is written by subtracting the total neutron removal cross
section from the total reaction cross section,

σcc = σR − σ�N =
∫

d2b{1 − [Pp(b)]ZP }. (6)

The probability Pp(b) can be determined from the S-matrix
concept using the optical potential. The eikonal S matrix is
defined as Sp(b) = exp[iχp(b)], for a projectile proton scat-
tering from a target nucleus, where χp(b) is the eikonal phase
shift function [36].

The eikonal phase shift function is calculated using the
finite-range optical limit approximation (FROLA) within the
framework of the Glauber model [35]. In this approach,
the phase shift function is obtained by folding the nucleon
densities of the projectile and target with a finite-range
nucleon-nucleon profile function, thereby accounting for the
spatial extension of the interaction between nucleons [39,40].

The phase shift function with the above description is given
as

χp(b) = i
∫

d2s ρP
pz(s)

∫
d2t

[
ZT ρT

pz(t)�pp(b + s − t)

+ NT ρT
nz(t)�pn(b + s − t)

]
, (7)

with the thickness function ρ
P(T )
Nz related to the density by, e.g.,

ρ
P(T )
Nz =

∫
ρ

P(T )
N (

√
s2 + z2)dz, N = p, n, (8)

where z is the coordinate along the direction of the incident
beam. The densities of the projectile (target) proton (neutron)

are ρ
P(T )
p(n) (r) and are normalized so that

∫
ρ

P(T )
p(n) (r)d3r = 1.

Then the S matrix

Sp(b) = exp

(
−

∫
d2sρP

pz(s)
∫

d2t
[
ZT ρT

pz(t)�pp(b + s − t)

+ NT ρT
nz(t)�pn(b + s − t)

])
, (9)

where s (t) represents the two-dimensional coordinate of a
particular projectile (target) nucleon relative to the center of
mass of the projectile (target) nucleus, which lies on the plane
perpendicular to the incident momentum of the projectile. The
profile function �pN (b) (N = p, n) describes the scattering
of projectile protons (neutrons) with the target protons (neu-
trons), which is often parametrized in a finite range [41] as

�pN (b) = 1 − iαpN

4πβpN
σ tot

pN exp

(
− b2

2βpN

)
. (10)

The parameters used in the proton-nucleon (pN ) scattering
model are defined as follows: αpN is the ratio of the real part
to the imaginary part of the pN scattering amplitude in the
forward direction, σ tot

pN denotes the total pN cross section,
and βpN is the slope parameter of the pN differential cross
section, characterizing the spatial distribution of the scatter-
ing amplitude. The proton-proton (Coulomb removed) and
proton-neutron total cross-section (σ tot

pN ) parameters are gen-
erally obtained from a fit of experimental data. The standard
parameter set for proton-neutron and proton-proton scattering
can be found in tabulated form in Ref. [41]. The probability in
Eq. (1) is then calculated as Pp(b) = |Sp(b)|2. Similarly, the
probability Pn(b) = |Sn(b)|2, given by interchanging the role
of a proton with a neutron (p ↔ n) in Eqs. (9) and (10).

B. Secondary fragmentation or ablation stage

In the ablation stage [31–33,37,42], the final fragmentation
products are formed by deexciting the residual fragment in the
abrasion stage through the evaporation of light particles. Here,
we are interested in the process where neutrons are removed
during the initial abrasion stage, followed by the evaporation
of protons during the final stage.

The proton particle evaporation contribution is calculated
following the development by Refs. [33,34]:

σ evap
cc =

NP∑
x=1

σ−xnP−xn, (11)

with σ−xn as the partial neutron removal cross section in the
abrasion stage as formulated in Eq. (4). P−xn is the corre-
sponding charged-particle evaporation probability after initial
neutron removal, that depends on the EED of the prefragment
and the probability of evaporation of at least one proton at a
certain excitation energy:

P−xn =
∫ ∞

0
w−xn(Eex) f (Eex, AP − x, ZP ) dEex. (12)

Eex is the excitation energy of the residual fragment after x-
neutron removal, f (Eex, Ap − x, Zp) is the proton evaporation
probability (same as the branching ratio) at a certain excitation
energy, and w−xn(Eex) is the EED of the prefragment. The
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FIG. 1. Single-nucleon density distributions for 12C [45], 14N,
16O [45], and 20Ne [46]. For more details, see the text.

Gaimard-Schmidt (GS) approach [42] is used to calculate the
EED of the residual fragment as in Refs. [33,34]. The LISE++
(GEMINI++) [43,44] code calculates the charged-particle
evaporation probability [ f (Eex, AP − x, ZP )] at a certain ex-
citation energy based on the Hauser-Feshbach theory and
Weisskopf-Ewing formalism.

III. RESULTS AND DISCUSSIONS

In this section, we briefly present the results of charge-
changing cross sections [Eq. (6)] calculated in the abrasion
stage that uses the Glauber model with realistic density inputs.
We then calculate proton evaporation contributions in the ab-
lation stage and analyze their correlation with key influencing
factors related to the evaporation process.

A. Single-nucleon density inputs

We now show a few input density configurations for 12C,
14N, 16O, and 20Ne in Fig. 1, considered in the literature.
These different density configurations were examined in detail
in Refs. [45–47] through comparison with elastic scattering
and total reaction cross-section data, as well as electron scat-
tering. Based on these studies, the most appropriate density
configurations are a mixture of shell model and cluster con-
figurations [48,49] type (M type) for 12C, a 4α cluster type
(C type) for 16O, and a 16O +α (O-α type) bicluster structure
for 20Ne. The density of 14N is calculated using shell model
configuration with a harmonic oscillator (HO) basis.

Our study will use these specific density distributions
for cross-section calculations in the abrasion step, ensur-
ing consistency with the most appropriate structure models.
Nevertheless, had one considered an empirical type den-
sity for 12C, 16O, and 20Ne, with parameters adjusted from
elastic electron scattering data, the charge-changing cross sec-
tions would have been the same over a wide range of beam
energies, as shown in the Supplemental Material [50] (see also
Refs. [51–53] therein).

B. Direct fragmentation or abrasion stage

Table I presents the charge-changing cross section for pro-
jectile nuclei 12C, 14N, 16O, and 20Ne on elemental targets

TABLE I. Charge-changing cross sections in the abrasion stage
of projectile fragmentation for 12C, 14N, 16O, and 20Ne on elemental
targets C, Al, and Cu at a beam energy of 290 MeV/nucleon. Cal-
culations were performed using FROLA with the most appropriate
nuclear density inputs: mixed-type (M type) density for 12C, a shell
model with a harmonic oscillator basis for 14N, C type (4α cluster)
density for 16O, and a 16O +α cluster configuration for 20Ne. All
cross sections in this table are rounded off to the nearest integer.

Projectile Target Projectile σcc (mb)
Nucleus Nucleus Density Type (Abrasion)

12C C M type 650
Al 1001
Cu 1568

14N C HO type 720
Al 1070
Cu 1648

16O C C type 772
Al 1130
Cu 1722

20Ne C O-α type 911
Al 1308
Cu 1951

such as carbon (C), aluminum (Al), and copper (Cu) with
beam energy 290 MeV/nucleon, during the direct fragmen-
tation (abrasion) stage. The cross sections calculated using
FROLA correspond to the most appropriate density config-
urations, as discussed in the previous section. These cross
sections show slight variations when compared to other den-
sity configurations, with differences generally within 2%.

Figure 2 shows the FROLA calculation for the charge-
changing cross sections (σcc) on the elemental targets, as a
function of beam energy. The results in the abrasion stage
(σcc) systematically underestimate charge-changing cross sec-
tions compared to experimental data, as also observed in
previous studies [34,54]. The charge-changing cross sec-
tion represents the probability that an incident nucleus
undergoes a change in charge, typically through the loss of
one or more protons during its interaction with a target nu-
cleus. In the FROLA implementation of the Glauber model,
only the interactions of projectile protons with the target are
considered, with the projectile neutrons being treated as spec-
tators. This effectively models the direct removal of protons
from the projectile. Since the charge-changing cross section is
often considered a direct probe of the rms proton radius (r̃p)
of nuclei [39], the Glauber model requires modification to
include the contribution of neutrons [55,56] in order to extract
information on r̃p more accurately.

Different studies have adopted various possible methods
to incorporate neutron contributions into the analysis. Some
studies [54,57,58] propose using a phenomenological en-
ergy dependent or Z/N ratio dependent correction parameter
that accounts for the contribution of neutrons in the pro-
jectile, allowing for a more precise description of the data.
Despite the applied corrections, these models still fail to
accurately describe the full energy range or the entire span
of Z/N ratios of the projectiles. The authors of Ref. [60]
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FIG. 2. Charge-changing cross section as a function of incident energy of the projectile nucleus for 12C, 14N, 16O, and 20Ne on elemental
targets: Carbon (C), aluminum (Al), and copper (Cu). The plots are organized into four columns corresponding to different projectiles: (a) 12C,
(b) 14N, (c) 16O, and (d) 20Ne. Each column presents the results for the respective projectiles on three targets: Carbon (C), aluminum (Al),
and copper (Cu). The solid line represents theoretical calculations using the FROLA, and experimental data for the charge-changing cross
sections in the energy range from 40 to 1000 MeV/nucleon are included, which are taken from Refs. [5,59–66] for 12C, from Refs. [5,61,63,66]
for 14N, from Refs. [5,54,61–63,66] for 16O, and from Refs. [5,66–68] for 20Ne.

attempted to reproduce σcc for 12C + 12C by tuning the slope
parameter βpN , but their model underestimated the data at
200–400 MeV/nucleon.

A potential way to account for the contributions of neutrons
to the charge-changing cross section is to incorporate the
effects of proton evaporation from intermediate prefragments
after initial direct neutron removal alongside direct proton
removal in the Glauber model. In a sense, if one considers
projectile fragmentation as a two-step process, i.e., direct re-
moval followed by evaporation (abrasion plus ablation), then
the Glauber model provides the best estimate for the direct
proton removal contribution. This is why the Glauber model is
important, and we used it to calculate the initial step (abrasion)
in the charge-changing cross sections.

In reality, charged particles, predominantly protons, can be
emitted following the direct removal of neutrons, especially
when the prefragment is in a highly excited state [33,34,69].
When neutrons are removed from the projectile during the
abrasion stage (direct fragmentation), the residual nucleus
may become excited to states beyond the particle evaporation
threshold. In such cases, deexcitation occurs through the re-
moval of charged particles, such as protons or alpha particles.
This process contributes to the overall charge-changing cross
section, increasing the likelihood of charge-changing reac-
tions beyond the initial neutron removal. This motivates us

to explore the proton evaporation contribution to the charge-
changing process on various elemental targets (C, Al, Cu) in
the next section.

C. Proton evaporation contributions

Estimating proton evaporation contributions in the sec-
ondary fragmentation or ablation stage is done in two ways.
The first involves evaporation contributions calculated follow-
ing Eqs. (11) and (12). The second is subtracting the direct
process (estimated with the FROLA) from the experimental
data. A comparison of these two methods would then be made
at the end.

Equation (11) involves calculations of partial neutron re-
moval cross section (σ−xn) and proton evaporation probability
(P−xn). The probability, in turn, depends on key factors like
EED of the prefragment and probability at a particular exci-
tation energy. We now proceed to present the calculations of
these factors in detail.

1. Excitation energy distribution (EED)

The EED w−xn(Eex ) of the prefragment, which is an im-
portant parameter in Eq. (12), is calculated using the LISE++
simulation code [15]. LISE++ offers several theoretical ap-
proaches for determining the EED, with the Gaimard-Schmidt
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FIG. 3. Excitation energy distributions of the prefragment after
the removal of x = 1–3 neutrons in direct fragmentation (abrasion
stage), shown for Emax = 20, 40, and 60 MeV, respectively.

(GS) [42] model being one of the primary options. The pre-
fragment excitation energy is determined by summing the
energies of the hole states remaining in the core of the ini-
tial nucleus after nucleon removal. The GS model adopts
a simple approach that uses a functional shape corresponds
to an approximation of the single hole state density in the
Woods-Saxon potential, as done in Refs. [33,34], requiring
only two input parameters: the number of nucleons removed
and the maximum excitation energy (Emax) of the prefrag-
ment formed following a one-nucleon removal reaction. Emax

plays a crucial role in determining the excitation energy of
prefragments in nuclear reactions. It represents the maximum
energy that can be deposited by a single removed nucleon into
the prefragment. Figure 3 illustrates the EED of the prefrag-
ment following the removal of one, two, and three nucleons
from the nucleus. The distributions are characterized by the
maximum excitation energy, which is set at 20, 40, and 60
MeV for the respective cases, for example. For one neutron
abrasion case, the distribution is normalized and decreases
linearly with increasing excitation energy until Emax, where
it abruptly drops to zero. This behavior reflects the simpli-
fied assumption that the probability of excitation decreases as
energy approaches the maximum limit. As more neutrons are
removed, the EED generally becomes broader, more complex,
and shifted towards higher energies. The mean energy [33]
per removed nucleon 〈E〉 = (x/x + 1)Emax, which gives 10
MeV for the first neutron removal, for Emax = 20 MeV, and
consequently this value increases and become maximum for
higher neutron removal.

FIG. 4. Probability [ f (Eex, AP − x, ZP )] of proton evaporation
after initial removal of neutrons (x = 1–3) from the projectiles 12C,
14N, 16O, and 20Ne as a function of prefragment excitation energy
(Eex).

2. Proton evaporation probability

We now describe the calculation of the probability of pro-
ton evaporation [ f (Eex, AP − x, ZP )] as a function of excita-
tion energy. The calculations are performed using the LISE++
(GEMINI++) simulation code [15,43,44], which incorporates
the Hauser-Feshbach and Weisskopf formalisms for com-
pound nucleus decay. This approach accounts for decays
involving the emission of at least one proton during cascade
deexcitation. Figure 4 illustrates the variation in the charged-
particle evaporation probability as a function of excitation
energy (Eex) for the prefragments of 12C, 14N, 16O, and 20Ne
following the removal of one, two, and three neutrons during
the abrasion stage. The evaporation probability curve begins
to rise at or near the energy that equal to proton separation en-
ergy plus the Coulomb barrier for the prefragments. This is the
excitation energy threshold beyond which the prefragment is
sufficiently excited for charged-particle evaporation processes
to occur. After this energy threshold, the prefragment nucleus
loses at least one proton, which contributes to the charge-
changing cross section. This trend is also followed by the
other prefragments produced after the removal of two or three
neutrons in the abrasion stage. With these values of f (Eex)
and w−xn(Eex), the evaporation probability (P−xn) is calcu-
lated, and is shown in Fig. 5 for up to five neutron removals
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FIG. 5. Proton evaporation probability (P−xn) as a function of the
number of neutrons removed in the initial fragmentation (abrasion
stage). The maximum excitation energy parameter Emax is selected
to approximately reproduce the charge-changing cross-section data
at 290 MeV/nucleon for a carbon target.

from the projectile. The parameter Emax is fixed to a value
that reproduces the estimated evaporation cross sections from
the experimental data at beam energy 290 MeV/nucleon on
a carbon target. The variation of P−xn indicates that, as the
number of neutrons removed from the projectile increases,
the charged-particle evaporation probability also increases.
For all projectile nuclei, one notices this probability tends to
1 when the Z/N ratio becomes greater than 1, reflecting a
direct relationship between the degree of neutron removal and
the likelihood of charged-particle evaporation, contributing
significantly to the charge-changing cross section.

Table II presents the contributions of proton evaporation
(σ evap

cc ) [Eq. (11)] to the charge-changing cross section for

various projectile nuclei (12C, 14N, 16O, 20Ne) on different
elemental targets (C, Al, Cu) at a beam energy of 290
MeV/nucleon. The table is structured to show the neutron-
removal cross sections (σ−xn), which are calculated in the
abrasion step using Eq. (4), for 1n, 2n, and 3n removal
channels, along with their respective contributions to proton
evaporation. The individual contributions from each neutron-
removal channel to σ

evap
cc [Eq. (11)] are explicitly provided.

The contributions σ−xn, (x>3) from neutron removal channels
beyond −3n, such as the removal of four or more neutrons
in the abrasion stage, are calculated and summed to estimate
the contributions to the "> −3n" channel. The total evapora-
tion contribution, σ

evap
cc , is then determined by summing the

contributions from all neutron removal channels.
The last column of Table II is the evaporation estimate from

experimental data [5,69], and is calculated by subtracting
the charge-changing cross section (σcc) (Table I) using the
Glauber model. The first column of the table represents the
parameter Emax, which is varied to achieve an approximate
match of σ

evap
cc with the estimated value extracted from the

experimental data.
Figure 6 compares the ratio of evaporation contribu-

tions to charge-changing cross sections. The top panel (a)
shows the ratio of the estimated evaporation contributions
to the experimental charge-changing cross section, given by
(σ expt

cc − σcc)/σ expt
cc on the left vertical axis, while the ratio

σ
evap
cc /σ

expt
cc is displayed on the right vertical axis. The bottom

panel (b) represents the ratio of evaporation contributions
in the abrasion stage, given by σ

evap
cc /σcc, which illustrates

the influence of abrasion-stage calculations on the evapora-
tion contributions. The plot compares these ratios for the
projectiles 12C, 14N, 16O, and 20Ne interacting with three
different elemental targets at a beam energy of approximately
290 MeV/nucleon.

The data in Table II demonstrate that reconciling the-
oretical proton evaporation contributions (σ evap

cc ) with the

TABLE II. Proton evaporation contributions (σ evap
cc ) [Eq. (11)] to charge-changing cross section for various projectile nuclei on elemental

targets (C, Al, Cu) at a beam energy around 290 MeV/nucleon. The partial neutron removal cross sections (σ−xn) [Eq. (4)] for 1n, 2n, 3n, and
beyond 3n channels are also shown, along with their respective contributions to σ evap

cc . σ evap
cc is calculated by summing up all the contributions

from all neutron removal channels. For comparison, the evaporation contribution is also estimated by subtracting the Glauber charge-changing
cross section [σcc (Table I)] from the experimental data (σ expt

cc ) taken from Refs. [5,69]. All cross sections in this table are rounded off to the
nearest integer.

σ−xn (mb) Contributions to σ evap
cc (mb)

Emax (MeV) Nuclei Target σ−1n σ−2n σ−3n σ−xn, (x>3) −1n −2n −3n > −3n σ evap
cc (mb) σ expt

cc − σcc (mb)

25 12C C 114 28 8 1 50 26 8 1 85 81
15 Al 136 30 9 1 26 25 8 1 60 51
10 Cu 177 40 11 2 16 31 10 2 59 57

60 14N C 115 29 8 3 100 29 8 3 140 156
25 Al 137 34 10 4 88 33 9 4 134 120
15 Cu 165 42 12 4 92 41 11 4 148 146

35 16O C 115 29 9 3 69 27 9 3 108 106
20 Al 135 34 10 3 49 32 9 3 93 89
15 Cu 163 41 12 4 35 31 12 4 82 76

35 20Ne C 137 35 11 4 106 34 11 4 155 154
20 Al 159 40 12 6 92 36 12 6 146 137
10 Cu 186 47 14 7 48 36 14 7 105 94

064604-7



DE, CHOUDHARY, CHATTERJEE, AND HORIUCHI PHYSICAL REVIEW C 111, 064604 (2025)

FIG. 6. The top panel (a) represents the ratio of the estimated
evaporation contributions (σ expt.

cc − σcc ) to the total experimental
charge-changing cross section (σ expt.

cc ) on the left vertical axis, while
the ratio σ evap

cc /σ expt.
cc is shown on the right vertical axis. The bottom

panel (b) displays the ratio σ evap
cc /σcc. Distinct marker styles differen-

tiate the targets, with filled markers representing carbon and unfilled
markers denoting aluminum and copper. Individual data points are
marked, while lines serve as visual guides to indicate trends across
different projectiles and targets.

estimation from experimental data (σ expt
cc − σcc) requires

lowering the parameter Emax (to ∼15MeV) for targets with
a higher mass number and atomic number, e.g., Al, Cu,
compared to lighter ones like C. This adjustment arises
from target-dependent differences in initial neutron removal.
Heavier targets induce 2–3 neutron removals during the
projectile-target interaction in the abrasion stage, creating
a neutron-deficient prefragment with an elevated proton-to-
neutron ratio. Simultaneously, the neutron-deficient prefrag-
ment exhibits reduced binding energy, favoring competing
decay pathways—particularly neutron reemission—which de-
plete excitation energy before protons can evaporate. Since
neutron evaporation is not hindered by the Coulomb barrier,
it becomes the dominant decay mode, effectively shifting the
available excitation spectrum away from high-energy proton
emission.

The parameter Emax, which defines the upper energy limit
for proton emission in statistical decay models, must therefore
be reduced for Al and Cu targets to reflect the redistribution
of excitation energy and the increased dominance of neutron
evaporation. Importantly, the target’s role is limited to the
initial neutron removal; subsequent evaporation occurs solely
from the prefragment, independently of the target.

This suggests that proton evaporation becomes less signifi-
cant as the mass of the target nucleus increases. In such cases,
proton or charge particle removal from the projectile primarily
occurs during the abrasion stage or direct fragmentation pro-
cesses, where the nucleus breaks apart with less contribution
from proton evaporation. The trend is more clearly illustrated
in Fig. 6(b), which indicates that the ratio of evaporation
contributions is greater with the carbon target in comparison
to the other targets.

Figure 6 also reveals distinct trends among the projectiles,
with 14N consistently exhibiting the highest ratio for all tar-
get elements. The evaporation of neutrons and protons from
the prefragment is governed by different underlying factors.
Neutron emission is primarily determined by the neutron sep-
aration energy (Sn) and is favored in neutron-rich nuclei at
low excitation energies (Eex ∼ Sn), where the absence of a
Coulomb barrier allows evaporation even with limited energy.
In contrast, proton evaporation requires overcoming both the
proton separation energy (Sp) and the Coulomb barrier (Vc),
making it viable only at high excitation energies (Eex � Sp +
Vc), particularly in proton-rich nuclei where excess protons
enhance the likelihood of emission. When the initial abrasion
stage preferentially removes neutrons from the projectile, the
resulting prefragment becomes proton rich, further increasing
the probability of proton evaporation. In such cases, the higher
proton-to-neutron ratio makes proton emission more favorable
compared to neutron emission, even at moderate excitation
energies. In neutron rich nuclei, neutron evaporation remains
dominant due to lower energy thresholds and higher nuclear
level densities at low excitation energy. In neutron-deficient
prefragments proton evaporation can become the preferred
mode of deexcitation, often reaching near-unity probability as
the Coulomb barrier effect diminishes. The analysis, as shown
in Fig. 7 highlights the critical role of the separation energy
difference, �Snp = S1n − S1p, in governing charged-particle
evaporation following neutron removal during abrasion for
carbon target. Higher �Snp values, such as for 13N (�Snp =
18.12 MeV), strongly favor proton emission due to the signif-
icantly higher energy required for additional neutron removal.
Two neutron abrasion further amplifies �Snp in neutron-
deficient prefragments, e.g., 14O (�Snp = 18.56 MeV), driven
by symmetry energy and Coulomb effects [70]. These trends
underscore �Snp as a key predictor of evaporation pathways
in systems with fewer neutrons relative to protons.

The overall dominance of proton evaporation from the
prefragment 13N can be better understood by using a sim-
plified representation of the ratio of proton to neutron decay
width [71,72],

�p

�n
≈ exp[2

√
a(Eex − Sp − Vc − δeff )]

exp[2
√

a(Eex − Sn − δeff )]
, (13)

with δeff as the pairing energy correction. The level density
parameter is given by

a = ã

[
1 + �S

U
[1 + exp(−γU )]

]
, (14)
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FIG. 7. Separation energies and evaporation cross sections for
various prefragment nuclei. The neutron separation energy (S1n) is
represented by bars with forward-slash patterned shading, while the
proton separation energy (S1p) is depicted with backslash-patterned
shading. The difference between neutron and proton separation
energies (�Snp) is shown as a dashed-dotted line. Evaporation
cross sections following one-neutron removal in the abrasion stage
[σ evap

cc (1n)] are represented by diamond markers with dashed lines,
two-neutron removal [σ evap

cc (2n)} by circular markers with dotted
lines, and total evaporation cross sections [σ evap

cc (Total)] by square
markers with solid lines. The separation energy data are calculated
using the atomic mass table from Ref. [74].

as suggested by Ignatyuk [73], where ã is the asymptotic level
density parameter; this parameter is defined ã = 0.073A +
0.095A2/3. �S is the shell correction obtained from the dif-
ference between the experimental and the liquid drop model
masses, U is the effective excitation energy, and γ is the shell
damping factor. The 13N prefragment, formed from 14N after
one-neutron removal in the abrasion stage, is characterized
by a high level density, a low proton separation energy (Sp),
a high neutron separation energy (Sn), and a low Coulomb
barrier. These factors contribute to a significantly high decay
width ratio (�p/�n), as illustrated in Fig. 8. This strongly
favors proton evaporation, making it a dominant contributor
to the charge-changing cross sections through proton emis-
sion. 11C, the prefragment of 12C after 1n removal in the
abrasion stage, has the lowest decay width ratio (�p/�n) and
consequently exhibits the smallest contribution to (σ evap

cc ) in
Fig. 6, making it a limited contributor to charge-changing
cross sections through proton emission.

The one-neutron separation energy (S1) of the projectile
further influences the residual excitation energy available for
evaporation. High S1 in neutron-deficient projectiles depletes
excitation energy during neutron removal, reducing ablation,
whereas low S1 in neutron-rich systems preserves energy, en-
hancing ablation. Thus, projectiles with lower S1 set a higher
Emax, as evidenced by the linear Emax-S1 correlation in Fig. 9,
which holds across all targets.

FIG. 8. Ratio of the proton to neutron decay widths as a function
of the excitation energy of the prefragment after 1n removal from the
projectiles.

These effects highlight the necessity of dynamically ad-
justing the maximum excitation energy parameter (Emax)
in the evaporation model. Incorporating projectile specific
properties—including neutron separation energy, neutron
orbital occupancy, and beam energy—is crucial for accu-
rately reproducing the observed dominance of abrasion (direct
nucleon removal) in heavier target systems and ablation (evap-
oration) in lighter or neutron-rich projectiles.

Finally, let us address the possibility of constraining Emax

microscopically or from systematics across more reactions.
The excitation energy represents the energy imparted to the
prefragment primarily due to the removal of nucleons. In the
context of charge-changing reactions, this is dominated by
neutron removal. EED describes the probability of different
excitation energies following the interaction. The GS model

FIG. 9. Correlation between one neutron separation energy (S1)
from the projectile and the maximum excitation energy parameter
(Emax) for different target materials (C, Al, Cu). The scatter points
represent individual data for the projectiles 12C, 14N, 16O, and 20Ne,
while the fitted lines illustrate the underlying trends for each target.
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assumes that excitation arises mainly from the nuclear colli-
sion dynamics and reflects the statistical nature of the removal
process, influenced by nuclear structure and the number of
nucleons removed.

When not adjusted empirically, the parameter Emax is set
equal to the Fermi energy at the center of the nucleus,
EFermi(0), thereby establishing a direct connection to intrinsic
nuclear properties. The Fermi energy is calculated as [75]

EFermi(r) = h̄2

2M
[3π2ρ(r)]2/3,

where ρ(r) is the neutron density and M is the nucleon mass.
Since ρ(0) generally increases with mass number and neutron
excess, heavier or neutron-rich nuclei naturally exhibit higher
central densities and hence larger EFermi(0) and Emax.

While in the present work Emax is tuned to experimental
data for improved accuracy, this adjustment remains physi-
cally motivated. Moreover, we note that Refs. [69,76] provide
a microscopic validation of this approach. In those studies,
EEDs were calculated using the fully microscopic isospin-
dependent quantum molecular dynamics (IQMD) model,
which incorporates reaction dynamics without adjustable pa-
rameters. The comparisons presented in Ref. [69] for a few
selected cases indicate that, although Emax is treated phe-
nomenologically in the present model, the resulting values
are consistent with independent microscopic predictions. This
suggests that IQMD can serve as a reliable microscopic model
to calibrate Emax. By aligning the GS EED’s shape (peak
and width) with IQMD’s for single-neutron removal, Emax

can be constrained to physically motivated values. Extending
IQMD simulations to lighter isotopes (e.g., C, N, O) could
provide a more systematic Emax calibration across the studied
systems. Nevertheless, future work aiming to constrain Emax

systematically based on nuclear structure properties or fully
microscopic reaction dynamics models would further enhance
the predictive power and robustness of the approach.

IV. SUMMARY AND CONCLUSIONS

In this study, we calculated nuclear charge-changing cross
sections for projectile nuclei, including 12C, 14N, 16O, and
20Ne, interacting with elemental targets such as carbon, alu-
minum, and copper at a beam energy of approximately
290 MeV/nucleon. We employed the abrasion-ablation model,
which describes the fragmentation process in two stages: an
initial abrasion phase, where nucleons are removed due to
high-energy collisions, followed by an ablation phase, where
the excited residual nucleus undergoes particle evaporation.
Our calculations utilized the finite-range optical limit approx-
imation within the Glauber model to describe the abrasion
step of nuclear fragmentation, incorporating realistic nuclear
density distributions. Additionally, we analyzed the ablation
process by evaluating the evaporation contribution to charge-
changing cross sections through a statistical decay model and

by subtracting the abrasion component from the experimental
data. We further examined how factors such as EED, particle
decay widths, and separation energies influence charged-
particle evaporation and its impact on charge-changing cross
sections. Our findings indicate that, for heavier targets, the
maximum excitation energy parameter (Emax) tends to be
lower when fitted to experimental data. Specifically, for a
carbon target, we determined a higher Emax value around
35 ± 10 MeV, with the exception of 14N, which exhibited
an anomalous fitting around 60 MeV. In contrast, for alu-
minum and copper targets, the excitation energy parameter
was consistently lower, around 15 ± 10 MeV. Furthermore,
our analysis revealed an inverse linear correlation between
Emax and the neutron separation energy of the projectile, high-
lighting the importance of projectile structure in determining
the fragmentation process.

The ablation stage plays a crucial role in shaping the
charge-changing cross-section measurements by influencing
the final distribution of nuclear fragments. Our study un-
derscores the necessity of precise modeling of the ablation
process to improve the accuracy of theoretical predictions
and experimental interpretations. In space, charge-changing
cross sections are used to predict cosmic ray interactions with
shielding and human tissues, aiding astronaut safety. In cancer
therapy, they influence ion beam fragmentation, impacting
dose delivery and treatment precision. Understanding these
processes thus enhances space radiation protection, hadron
therapy accuracy, and nuclear reactor safety. Moreover, our
findings contribute to broader applications in astrophysics and
cosmic ray propagation studies, where accurate modeling of
nuclear fragmentation is essential.

Future work could explore refinements to the excitation
energy parametrization by incorporating microscopic nuclear
structure effects and extending calculations to a wider range
of projectile-target combinations. Additionally, further exper-
imental validation of the ablation model could help refine
predictions, ultimately enhancing our understanding of nu-
clear fragmentation mechanisms.
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