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Abstract
The double-differential cross-sections (DDCS) and angular distributions for the neutron-induced reactions on the 107Ag 
isotope were calculated at incident energies of 3, 5, 10, and 15 MeV within the pre-equilibrium region using the Kalbach 
model implemented in the PRECO-6 code and in conjunction with Feshbach-Kerman-Konnin statistical theory. Emit-
ted nucleons’ total cross-sections were decomposed into direct (MSD) and compound (MSC) multistep components 
following Kalbach systematics expressed as d2σ/dΩ.dE. Results show that the d2σ/dΩ.dE a☺nd angular distribution for 
107Ag decrease systematically as the incident neutron energy increases, with markedly clearer structures for light ejec-
tiles (neutrons and protons) than for heavy composite particles (deuterons, tritons, 3He, and α particles). The latter also 
requires higher incident energies and exhibits spectral gaps under the present conditions. For two channels (n, n) and (n, 
p), calculations indicate that existing experimental data are not yet sufficient to firmly establish the energy dependence 
of the cross-sections, underscoring the need for precise measurements to constrain pre-equilibrium model parameters.
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Introduction

One of the most important branches of physics is nuclear 
physics, the study of the interactions of atomic nuclei and 
their structure (Feshbach et al. 1980). It allows us to learn 
about the creation of the cosmos around us and find some 
important applications that benefit all of humanity. One 
of the four fundamental forces in the universe is nucle-
ar force, the primary controller of all elements in nature 
(Voinov et al. 2010). In general, any nuclear reaction is 
represented as:

	 (1)

or X(a, b)Y, where the projectile a hits the target X, C* is 
an excited nucleus that can produce a new nucleus Y and 
a new particle b. This nuclear reaction is associated with 
the released or absorbed energy; Q-value is the energy 
absorbed, which is negative for endoergic reactions and 
positive for exoergic reactions (Grover and Gilat 1967). 
Proton (p), neutron (n), triton (t), deuteron (d), and α par-
ticle represent the emitted particles that are released from 
nuclear reactions or gamma ray (Garcon and Van Orden  
2001). Research in nuclear reactions and structure led to 
the discovery of nuclear forces and their nature and pro-
vided knowledge of important and useful applications in 
medicine, energy, archeology, geology, and age determi-
nation(Goldstein et al. 2006). In general, a single free pa-
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rameter can represent the angle, energy distribution, and 
strength of the actual interaction between the target nucle-
us and the projectile (Sarpün et al. 2024). Feshbach-Ker-
man-Koonin (FKK) includes compound nucleus (CN), 
multistep direct (MSD), collective (COLL), and multistep 
compound (MSC) processes (Hodgson 1971). This the-
ory recognizes two different interactions. As the energy 
rises, the interactions between the P-chains become more 
and more important until they take over the reaction. The 
outcome in forward-directed multiple-step angular distri-
butions and highly energetic tails in the emission spectra 
(Cerizza 2015). At low energies, P-chain dominance is 
significant, and the cross-section is roughly (90°) sym-
metric, which is typical of compound nucleus emission 
(Herman et al. 1992). P-chain emission (MSD) is known 
as a multistep direct process; MSC represents the term 
used for Q-chain (Bonetti et al. 1994). Nucleon cross-sec-
tions from 10 MeV to 100 MeV can be calculated using 
the FKK theory of MS reactions (Herman et al. 1992; Sa-
han et al. 2018). The FKK hypothesis states that a nuclear 
reaction occurs in a succession of steps corresponding to 
the target nucleus’s interaction with the incident particle 
(Abd alsatar et al. 2021; Xu 2022). The pre-equilibrium 
reactions at each stage cause nucleons to be stimulated to 
higher states and possibly emit them (Shafik et al. 2014; 
Akram and Hajer 2022). This study aimed to infer the 
spectrometry of angular distribution and the cross-section 
of (neutron, neutron), (neutron, and proton) reactions for 
the nuclei of silver when the induced neutrons are eject-
ed with an incident energy under 20 MeV. The angular 
distributions and energy spectra were calculated during 

the pre-equilibrium stage of the reaction for light ejectiles 
(neutrons and protons) emitted from 107Ag in (n, n), (n, p) 
reactions at incident energies of 3, 5, 10, and 15 MeV of 
neutrons using FKK theory with Kalbach systematics 
(Akram and Hajer 2022). implemented in PRECO-06. 
MSD and MSC contributions to these cross-sections in 
the pre-equilibrium region were separated and analyzed. 
Model validity and data needs were assessed by compar-
ing the behavior for neutrons versus protons and identify-
ing that (n, n) and (n, p) cross-sections on 107Ag “require 
further investigation” and “more precise experimental 
data” to establish clear trends.

Energy spectrum of pre-
equilibrium reactions

The energy spectra of the nuclear reactions caused by nu-
cleons, employing 107Ag as the target nucleus, and occur-
ring in a pre-equilibrium region, were calculated using var-
ious approaches. Primary and secondary nucleon emissions 
were included in the pre-equilibrium process, which had 
two components and formed the exciton model. If a sbis the 
b particle spin and μb is the reduced mass, σb is the inverse 
of the exit channel process total cross-section (i.e., absorp-
tion of b-particle on the residual nucleus), and U excitation 
energy. The emission probability of a b-particle within 
emission energy εb from n exciton state in a nucleus of ex-
citation energy E is given by Eq. (2), (Kurtz et al. 2009):

π ε
π ħ

μ εσ ε
π π

ω μ
	 (2)

Equation (3) represents the total residual state density:

π δ

π

π
	 (3)

Equation 3 is used when the nucleus returns from an ex-
cited state to a stable state (Hodgson 1971; Sarpün et al. 
2024). Many compound combinations are included in the 
total residual state density where high exciton numbers (n 
= p + h), pairing of particle-hole (p-h), such as 2p-2h and 
3p-3h, and complex particle-hole excitations appear as 
configurations where a large number of nucleons are ex-
cited from the Fermi sea (holes) into unoccupied energy 
levels (particles), resulting from multiple nucleon-nucle-
on scattering interactions within the nucleus. The isospin 
T value in the residual nucleus and Cb (T, TB) in the escape 

channel is the Clebsch-Gordan isospin coupling vector, ε 
emission energy, Zb, Nb is the emitted particle’s proton and 
neutron numbers, and μb the reduced mass. The residual 
excitation energy will be U=E−ε-Bb, as Bb is the binding 
energy of emitted particles. The isospin efficiency refers 
to the effectiveness, accuracy, or computational speed of 
employing the isospin symmetry formalism within nucle-
ar physics calculations. The spin-dependent formulation 
and total range of energy in the pre-equilibrium model of 
b-particle at the center-mass system are given by Eq. 4 
(Herman et al. 1992; Cerizza 2015; Sarpün et al. 2024):

σ ε

ε

σ ε

ε
σ ε

π
π π ε 	 (4)

where σa.pre models the complex nucleus, which is re-
duced with direct reaction by a cross-section, and (P, 
pπ, T) is the average amount of time spent in each class 
of configuration (Hodgson 1971). The entry channel 
isospin has Clebsch-Gordan coupling coefficient mul-

tiplied by the product of Eq. (2) for each spin (T). Be-
cause a second particle can be released at the pre-equi-
librium position, the release may alter the energy 
spectra at high-energy excitation levels (Bonetti et al. 
1994). Pre-equilibrium exciton components are a part of 
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the MSD, or forward-peaked component in FKK theo-
ry. Cross-sections of nucleons, knockout, and inelastic 

scattering (IN) involving cluster degrees of freedom are 
represented by Eqs. (5 and 6):

σεσ σε σε σε σε 	 (5)

σεσ σε σε σε σε 	 (6)

where KO only contributes for reactions (C, α), (N, α), 
and (C, N); N is a nucleon; and C is a complex particle 
(D, T, 3He, or α particle). Only the primary and secondary 
evaporation cross-sections are given because they include 
the associated equilibrium or symmetric component. The 
MSC spectrum is shown as (Cerizza 2015).

Results and discussions

For 107
47Ag, the PRECO-06 code update was used within 

FKK theory to obtain the emission spectra, angular dis-
tribution, and data of each particle emitted. First, the 
binding energies of every emitted particle were included 
in the code. Linking energies were then applied. Table 1 
represents the global parameters used in the code.

The FKK model was applied to (n, x) on the 107Ag iso-
tope at incident energies of 3, 5, 10, and 15 MeV. In gen-
eral, the results are clear only when the emitted particle 
is a neutron or a proton because neutrons and protons are 
light particles (Mahdi et al. 2014; Scholz et al. 2014). By 
contrast, the results are not clear when the emitted particle 
is heavy, such as (2D, 3T, 3He, and α particles), because 
of its weight. When emitted, heavy particles suffer from 
many collisions and leave large gaps in the parent nucleus 
(Jasim 2015). When the energy of the incident particle 
is small, the target nucleus is excited until it reaches a 
pre-equilibrium state. Here, the target nucleus begins to 
release light particles such as neutrons and protons, and 
part of the energy returns to a stable state (ground state). 
Each particle (p) that is emitted leaves a hole (h) in its 
place, forming a pair (p-h). In this case, the results are 
clear. The incident energy is not sufficient to emit heavy 
particles; therefore, the theoretical results are not clear. 
When the incident energy of the particle increases, the en-
ergy becomes sufficient to emit heavy particles, leaving 
behind pairs of (p-h) in the target nucleus. Therefore, the 
theoretical results in the PRECO-06 program are clear. 
The results begin to appear clear at 20 MeV as incident 
energy. This incident energy is sufficient to emit heavy 
particles, leaving behind pairs of (p-h) in the target nucle-
us, such as (n, D), (n, T), (n, 3He), and (n, 4He).

The incident neutron energy of 3 MeV is presented in 
Fig. 1. The findings are indicated for a wide variety of 
neutron emission energies. The peak across sections is 850 
mb/MeV at emission energy of 4 MeV, showing that the 
direct knock component is fully involved, which means it 
has the biggest effect on the cross-section. The other con-
tributions (direct, knockout, exciton primary, exciton sec-
ondary, equilibrium primary, and equilibrium secondary 
components) are extremely small, approaching zero, and 
therefore can be neglected. The angular distribution for 
the same nuclear reaction with different angles (from 0° 
to 180°) was determined to obtain the total contributions 
for a wide variety of neutron emission energies. Peaks of 
angular distribution values appear at certain emission en-
ergies where the largest angular distribution or differential 
cross-section is 1310 mb/sr. MeV for θ=0° participation 

Table 1. Initial global parameters used in preco-06.

IHF = 0 V0 = 38 V1 = 0 V2 = 0
Kππ = 2200 Kπv = 900 Kvv = 900 Kg = 15
fshell = 2.0 kshell = 2.3 Rγ = 0.005 III = 0.55
E(2+) E(3

–
) β2 β3

0.573 2.14  0.20  0.19

Figure 1. Cross-Section and Angular Distribution for [107Ag(n, 
n) 107Ag] Nuclear Reaction at 3MeV incident energy.
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at the energy emission 4 MeV, but is comparable to 1000 
mb/sr.MeV for θ=10° participation at the energy emission 
(4MeV), and comparable to 850 mb/sr.MeV for total par-
ticipation. However, there are tiny amounts of angular dis-
tribution of 463 mb/sr.MeV at 20° participation and 156 
mb/sr.MeV at 30° participation and 42.2 mb/sr. MeV at 60° 
participation and very small participation is almost negligi-
ble at 90, 120, and 180 degrees. All these values can be not-
ed as shown in Fig. 1, below, which shows all cross-section 
and angular distribution contributions of reaction 107Ag(n, 
n) 107Ag for the incident neutron energy 3 MeV.

At the incident neutron energy of 5 MeV, the findings 
indicate a wide variety of neutron emission energies. The 
cross-sectional peak has a value of 638 mb/MeV at the 
emission energy of 5.5 MeV, which represents the total 
participation of direct knock components, indicative of 
the greatest contribution to the cross-section. The contri-
butions of other components are minuscule, nearly negli-
gible, and therefore may be disregarded.

The angular distribution and contributions for the same 
energy of 5 MeV were calculated for angles of 0°–180°. 
The differential cross-section has peaks at certain neu-
tron emission energies, which are within a wide range of 
energies. The biggest angular distribution or differential 
cross-section is 1299 mb/sr.MeV for θ=0° contribution 
at 5.5 MeV. This is similar to 974 mb/sr.MeV for θ=10° 
contribution at 5.5 MeV and 649 mb/sr.MeV for the total 
contribution. Small values of differential cross-section 
are obtained at 20° contribution (440 mb/sr.MeV), 30° 
contribution (135 mb/sr.MeV), and 60° contribution (22.5 
mb/sr.MeV). The contributions are almost negligible at 
θ=90°, 120°, 180°. All these values are shown in Fig. 2, 
above which are all cross-sections and angular distribu-
tion contributions of reaction 107Ag(n, n) 107Ag at the inci-
dent neutron energy of 5 MeV.

At the incident neutron energy of 10 MeV, the findings 
indicate a wide variety of neutron emission energies. The 
cross-sectional peak has a value of 430 mb/MeV at the 
emission energy of 9.91 MeV. This peak represents the 
total participation of direct knock components, which are 
indicative of the greatest contribution to the cross-section. 
The remaining contributions, such as those from direct 
natural, exciton primary, exciton secondary, equilibri-
um primary, and equilibrium secondary, are minuscule, 
nearly negligible, and therefore may be disregarded. The 
angular distribution and total contributions for the same 
reaction at the neutron energy (10 MeV) and angles of 
0°–180°. The results show a wide of neutron emission en-
ergies, with peaks in the angular distribution appearing at 
specific energies. The largest angular distribution is 1032 
mb/sr.MeV for θ=0° participation at the emission energy 
of 10.3 MeV. This value is comparable with the angular 
distribution of 775 mb/sr.MeV for θ=10° participation at 
the emission energy of 15.2 MeV and the total participa-
tion of 449 mb/sr.MeV. Small amounts of angular distri-
bution are recorded at 20° participation (340 mb/sr.MeV), 
30° participation (95 mb/sr.MeV), and 60° participation 
(10.7 mb/sr.MeV). Participation is almost negligible at 
90°, 120°, and 180°. All these values are shown in Fig. 3, 

which also presents all cross-sections and angular distri-
butions of reaction 107Ag(n, n) 107Ag at an incident neutron 
energy of 10 MeV.

At the incident neutron energy of 15 MeV, the findings 
indicate a wide variety of neutron emission energies. The 
cross-sectional peak has a value of 321 mb/MeV at an emis-
sion energy of 14.86 MeV. This peak represents the total 
participation of direct knock components, which are indic-
ative of the greatest contribution to the cross-section. The 
remaining contributions, such as those from direct natural, 
exciton primary, exciton secondary, equilibrium primary, 
and equilibrium secondary, are minuscule, nearly negligi-
ble, and may be disregarded. The angular distribution and 
total contributions for the same nuclear reaction were also 
calculated at angles of 0°–180°. The results show that with-
in a wide variety of neutron emission energies, peaks of 
angular distribution appear at certain emission energies.

The largest angular distribution or differential 
cross-section at θ=0° is 832 mb/sr.MeV for participation 
at the emission energy of 15.2 MeV. This value is compa-
rable to the 622 mb/sr.MeV for θ=10° of 15.2 MeV and 
the obtained total participation of 323 mb/sr.MeV. Small 
amounts of angular distribution are observed at 20° par-
ticipation (266 mb/sr.MeV), 30° participation (71.9 mb/
sr.MeV), and 60° participation (7 mb/sr.MeV). Partici-
pations are almost negligible at 90°, 120°, and 180°. All 

Figure 2. Cross-Section and Angular Distribution for [107Ag(n, 
n) 107Ag] Nuclear Reaction at 5MeV incident energy.
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these values are shown in Fig. 4, which also presents 
all cross-sections and angular distributions of reaction 
107Ag(n, n) 107Ag at 15 MeV.

When protons are the emission particles in a nuclear 
reaction, 107Ag(n, p)107Pd, it shows a radical difference 
from nuclear neutron reactions. At 3 MeV, the findings 
indicate a wide variety of proton emission energies. The 
cross-sectional peak has a value of 285 mb/MeV at the 
emission energy of 6.1 MeV, which represents the total 
participation of the equilibrium primary component, that 
indicative by the greatest contribution to the cross-sec-
tion. The contributions of direct natural, exciton primary, 
are minuscule, nearly negligible, and thus may be disre-
garded. The angular distribution and total contributions 
were calculated for 3 MeV and angles of 0°–180°. The 
results show that within a wide variety of proton emission 
energies, peaks of angular distribution appear at certain 
emission energies. The largest angular distribution or dif-
ferential cross-section is 284 mb/sr.MeV for total partici-
pation at the emission energy of 6 MeV. The value is 25.3 
mb/sr.MeV for θ=0° participation and 25.5 mb/sr.MeV 
for θ=10° participation at the emission energy of 6 MeV. 
Small amounts of angular distribution are observed at 20° 
participation (25 mb/sr.MeV), 30° participation (24.8 mb/
sr.MeV), and 60° participation (22.4 mb/sr.MeV). Partic-

ipation is almost negligible at 90°, 120°, and 180°. All 
these values are shown in Fig. 5, which also presents 
all cross-sections and angular distributions of reaction 
107Ag(n, p)107Pd at an incident energy of 3 MeV.

At an energy of 5 MeV, a wide variety of proton emis-
sion energies were produced. The cross-sectional peak 
has a value of 280 mb/MeV at the emission energy of 
6.1 MeV, which represents the greatest contribution to the 
cross-section of the equilibrium primary component. The 
other contributions are minuscule and can be negligible 
and disregarded. The angular distribution and total con-
tribution for angles of 0°–180°, the results show peaks 
of angular distribution at certain emission energies for a 
wide variety of proton emission energies. The largest an-
gular distribution or differential cross-section is 279 mb/
sr.MeV for total participation at the emission energy of 
6.1 MeV. The value is 24.9 mb/sr.MeV for θ=0° partic-
ipation and 24.8 mb/sr.MeV for θ=10° participation at 
the emission energy of 6 MeV. Small amounts of angular 
distribution are observed at 20° participation (24.5 mb/
sr.MeV), 30° participation (23.9 mb/sr.MeV), and 60° 
participation (22 mb/sr.MeV). Participation is almost neg-
ligible at 90°, 120°, and 180°. All these values are shown 
in Fig. 6, which also presents all contributions of reaction 
107Ag(n, p) 107Pd within 5 MeV.

Figure 3. Cross-Section and Angular Distribution for [107Ag(n, 
n) 107Ag] Nuclear Reaction at 10MeV incident energy.

Figure 4. Cross-Section and Angular Distribution for [107Ag(n, 
n) 107Ag] Nuclear Reaction at 15MeV incident energy.
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At the incident neutron energy of 10 MeV, the findings 
indicate a wide variety of proton emission energies; the 
cross-sectional peak has a value of 171 mb/MeV at the 
energy of emission 6.94 MeV. This peak represents the 
total participation of the equilibrium primary component, 
which is indicative of the greatest contribution to the 
cross-section. The remaining contributions from direct 
natural and exciton primaries are minuscule, nearly negli-
gible, and thus may be disregarded. The angular distribu-
tion and total contribution for 0°–180°, a wide variety of 
proton emission energies can be seen. The largest angu-
lar distribution or differential cross-section is 171.9 mb/
sr.MeV for total participation at the emission of 7.2 MeV. 
The value is 16.2 mb/sr.MeV for θ=0° participation and 
15.9 mb/sr.MeV) for θ=10° participation at the emission 
energy of 7.2 MeV. Small amounts of angular distribu-
tion are observed at 20° participation (15.9 mb/sr.MeV), 
30° participation (15.4 mb/sr.MeV), and 60° participation 
(13.9 mb/sr.MeV). Participation is almost negligible at 
90°, 120°, and 180°. All these values are shown in Fig. 7, 
which also presents all cross-sections and angular distribu-
tions of reaction 107Ag(n, p) 107Pd with energy of 10 MeV.

At the incident neutron energy of 15 MeV, the findings 
indicate a wide variety of proton emission energies. The 

Figure 5. Cross-Section and Angular Distribution for [107Ag(n, 
p) 107Pd] Nuclear Reaction at 3MeV incident energy.

Figure 6. Cross-Section and Angular Distribution for [107Ag(n, 
p) 107Pd] Nuclear Reaction at 5MeV incident energy.

Figure 7. Cross-Section and Angular Distribution for [107Ag(n, 
p) 107Pd] Nuclear Reaction at 10MeV incident energy.
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cross-sectional peak has a value of 106 mb/MeV at the 
emission energy of 6.94 MeV as a total participation of 
the equilibrium primary component, which indicates the 
greatest cross-section, and can be negligible. The angular 
distribution and total contribution at angles of 0°–180° 
were calculated, where the results show that within a wide 
variety of proton emission energies, peaks of angular dis-
tribution appear at certain emission energies. The largest 
angular distribution is 106 mb/sr.MeV for total participa-
tion at the energy of 7 MeV. The value is 10.4 mb/sr.MeV 
for θ=0° participation and 10.3 mb/sr.MeV for θ=10° 
participation at the emission energy of 7 MeV. Small an-
gular distribution is observed at 20° participation (10.1 
mb/sr.MeV), 30° participation (9.83 mb/sr.MeV), and 60° 
participation (8.65 mb/sr.MeV). Participation is almost 
negligible at 90°, 120°, and 180°. All these values are 
shown in Fig. 8 of reaction 107Ag(n, p) 107Pd at 15 MeV.

Discussion

We note that the cross-sectional values decrease as the 
emission energy of the particles emerging from the nu-
clear reaction (nucleons) increases (Kavun and Mak-

wana  2020). Since the neutron carries no charge, it can 
completely and freely approach the 107Ag nuclei at close 
distances and interact with them without suffering (Šal-
amon et al. 2019). However, the situation changes when 
the particles emitted from the nuclear reaction are pro-
tons. In this case, the cross-section is smaller than that 
of the response when the emitted particle is a neutron at 
the same incident energies of the neutrons. The reason is 
that protons carry positive charges and suffer from Cou-
lomb forces when emitted from the nucleus (Ahmed et 
al. 2024). The Coulomb barrier has a strong effect on the 
emitted proton when 107Ag+n→107Pd+p occurs. If proton 
energy is high, then the proton easily overcomes the Cou-
lomb barrier and exits the nucleus; if proton energy is low, 
then the proton has great difficulty getting out and relies 
on quantum tunneling. This finding explains why (n, p) 
interactions require a certain energy threshold for the in-
cident neutron, not because it enters the nucleus, but to 
provide enough energy for the proton to exit, overcoming 
the Coulomb barrier. Table 2 shows the difference be-
tween the cross-sections and incident energies of neutrons 
and protons emitted from the nucleus (Abd alsatar et al. 
2020). The values of the cross-sections of neutrons and 
protons decrease with the increase in the incident energies 
of neutrons, which is a common characteristic. Neverthe-
less, the probability of the nuclear reaction of neutrons is 
greater than that of protons at the same incident energies 
of neutrons.

The energies of neutron emission increase as the ener-
gy of the neutrons falling on the nucleus increases. Mean-
while, the energy of proton emission is almost constant 
for the same energy of the neutrons falling. For this find-
ing, we return to the previous reason, that is, a nucleus of 
an atom is a self-organizing system made up of protons 
and neutrons that are held together by the short-range 
attractive nuclear force (Bertulani and Kajino 2016). As 
in Table 2, the emission energy of protons increases with 
the fall energy of neutrons and does not remain constant. 
We note that the proton emission energy is 6.1 MeV at 
the neutron incident energy of 3 and 5 MeV. When the 
incident energy is 10 MeV, the proton emission energy 
increases to 7.2 MeV.

Protons are affected by Coulomb repulsion, which is 
long-range, while no Coulomb interaction exists between 

Figure 8. Cross-Section and Angular Distribution for [107Ag(n, 
p) 107Pd] Nuclear Reaction at 10MeV incident energy.

Table 2. Cross-section for 107Ag isotope with different emission 
energies of neutrons.

Incident 
particle

Incident 
energy (MeV)

Cross-
section (mb)

Emission 
energy (MeV)

Emission 
particle

Neutron 3 850 4 Neutron
Neutron 5 638 5.5 Neutron
Neutron 10 430 9.91 Neutron
Neutron 15 321 14.86 Neutron
Neutron 3 285 6.1 Proton
Neutron 5 280 6.1 Proton
Neutron 10 171.9 7.2 Proton
Neutron 15 106 6.94 Proton
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neutrons (Yakubu 2025). Given that protons are posi-
tively charged particles, the Coulomb force is long-range 
and decreases with distance as 1/r2, but never fully disap-
pears. Therefore, protons repel from other protons even 
across the entire nucleus. In a large nucleus with many 
protons, this cumulative repulsion becomes significant. 
Given that Coulomb’s law only applies to charged parti-
cles, neutrons do not experience any electromagnetic re-
pulsion or attraction with each other. The nuclear (strong) 
force connects the nucleons (protons and neutrons) but 
only at short distances (~10-15 m). At these close ranges, 
the strong force overwhelms Coulomb repulsion, which 
is why nuclei can exist despite proton-proton repulsion. 
For small nuclei, the strong force easily dominates. For 
large nuclei (heavy), the long-range Coulomb repulsion 
accumulates across many protons, eventually destabiliz-
ing the nucleus. This phenomenon explains why heavy 
nuclei tend to be radioactive and undergo fission.

The angular distributions for neutrons and protons de-
crease with the increase in the energies of emitting neu-
trons. The angular distribution of the emitted neutrons is 
large when the angle of emission is zero, which is greater 
than the sum of the angular distributions of the rest of 
the angles. This phenomenon is attributed to the lack of 
charge of the neutrons and their arrival at places close 
to the nucleus so that their collision is vertical with the 
nucleus (Capel 2019). This characteristic is not observed 

in the angular distributions of protons emitted from the 
nuclear reaction and of the same energies as neutron 
emission because of the positive charge of protons and 
their exposure to the strong Coulomb forces surrounding 
the nucleus.

Conclusion

The d2σ/dΩ.dE of protons and neutrons during neutron-in-
duced reactions was computed for nuclei 107Ag with an in-
cidence energy less than 20 MeV. Calculations were per-
formed in the pre-equilibrium nuclear reaction zone using 
Kalbach systematics. Compared with Kalbach for choos-
ing the nucleus, we discovered that the model’s cross-sec-
tion was within a narrow range. Given that the exciton 
model was successfully applied to a large number of ex-
perimental data, the PRECO-6 analysis conducted during 
the pre-equilibrium period yields a modest exciton num-
ber. However, ambiguity remains in the way PRECO-6 
formulates the composite particle emission to explain it. 
For example, how different shell-model type correlations 
impact the ground state strength in the 107Ag scenario and 
how the transition from the closed to the open shell af-
fects it remains unclear. FKK theory has been used in the 
framework of theoretical calculations performed by the 
PRECO-6 computer code.

References
	� Feshbach H, Kerman A, Koonin S (1980) The statistical theory of 

multi-step compound and direct Reactions. Annals of Physcs 125(2): 
429–476. https://doi.org/10.1016/0003-4916(80)90140-2

	� Voinov AV, Grimes SM, Brune CR, Massey T, Schiller A, Kravchuk 
VL, Gramegna F, Cinausero M, Prete G, Marchi T, Degerlier M, 
Sambi S, Bruno M, D’Agostino M, Morelli L, Baiocco G, Guastalla 
G, Casini G, Barlini S, Bardelli L, Gelli N, Carboni S, Bini M, Olmi 
A, Pasquali G, Poggi G, La Rana G, Vardaci E, Brondi A, Moro R, 
Ordine A, Di Nitto A, Larsen AC, Guttormsen M, Siem S, Barbui M, 
Natowitz J, Fabris D (2010) Measurements of level densities from 
compound nuclear Reactions, the Legnaro National Laboratories 
(LNL) Program Advisory Committee (PAC). https://www.bo.infn.it/
nucl-ex/prop_lev_dens.pdf

	� Grover JR, Gilat J (1967) De-excitation of highly excited nuclei. 
Physical Review Journals Archive (157): 802–813. https://doi.
org/10.1103/PhysRev.157.802

	� Garcon M, Van Orden JW (2001) The deuteron: Structure and 
form factors. Advances in Nuclear Physics (26): е293. https://doi.
org/10.48550/arXiv.nucl-th/0102049

	� Goldstein G, Baye D, Capel P (2006) Dynamical eikonal approxima-
tion in breakup reactions of 11Be. Physical Review C 73: е024602. 
https://doi.org/10.1103/PhysRevC.73.024602

	� Kurtz RJ, Alamo A, Lucon E, Huang Q, Jitsukawa S, Kimura A, 
Klueh  RL, Odette GR, Petersen C, Sokolov MA, Spätig P, Rens-
man J-W (2009) Recent progress toward development of reduced 
activation ferritic/ martensitic steels for fusion structural appli-

cations. Journal of Nuclear Materials 411: 386–388. https://doi.
org/10.1016/j.jnucmat.2008.12.323

	� Sarpün IH, Tel E, Aydın A, Yıldırır U (2024) Double differential 
cross section calculation of (n, p) reactions on 27Al and 24Mg tar-
gets. EPJ Web Conference (304): 1–4. https://doi.org/10.1051/epj-
conf/202430401017

	� Hodgson PE (1971) The nuclear optical model. Reports on Progress 
Physics (34): e765. https://doi.org/10.1088/0034-4885/34/2/306

	� Cerizza G (2015) Neutron knock on beams of 108, 106Sn and 106Cd. 
Nuclear Experiment (nucl-ex): arXiv: 1501.00928. https://doi.
org/10.48550/arXiv.1501.00928

	� Herman M, Reffo G, Weidenmüller H A (1992) Multistep-compound 
contribution to Precompound reaction cross section. Nuclear Physics 
A 536(1): 124–140. https://doi.org/10.1016/0375-9474(92)90249-J

	� Bonetti R, Koning AJ, Akkermans JM, Hodgson PE (1994) The Fesh-
bach-Kerman Konin multistep direct reaction theory. Physics Reports 
247(1): 1–58. https://doi.org/10.1016/0370-1573(94)90153-8

	� Sahan H, Sahan M, Tel E (2018) Cross-Section Calculations of (n, 
2n) and (n, p) reactions for69,71Ga and 75As target nuclei up to 20 MeV. 
Nuclear Physics and Atomic Energy 19(4): 350–358. https://doi.
org/10.15407/jnpae2018.04.350

	� Xu F (2022) Can a pure neutron state of matter exist? Science Bul-
letin 67(24): 2487–2489. https://doi.org/10.1016/j.scib.2022.12.010

	� Abd alsatar KM, Shfiq SS, Ali AM (2021) Estimation Pre-equilib-
rium Particle and Angular Distribution Spectra for the Neutrons In-
duce Nuclear Reactions on 90Zr Nuclei by using (FKK) Model. Turk-

https://doi.org/10.1016/0003-4916(80)90140-2
https://www.bo.infn.it/nucl-ex/prop_lev_dens.pdf
https://www.bo.infn.it/nucl-ex/prop_lev_dens.pdf
https://doi.org/10.1103/PhysRev.157.802
https://doi.org/10.1103/PhysRev.157.802
https://doi.org/10.48550/arXiv.nucl-th/0102049
https://doi.org/10.48550/arXiv.nucl-th/0102049
https://doi.org/10.1103/PhysRevC.73.024602
https://doi.org/10.1016/j.jnucmat.2008.12.323
https://doi.org/10.1016/j.jnucmat.2008.12.323
https://doi.org/10.1051/epjconf/202430401017
https://doi.org/10.1051/epjconf/202430401017
https://doi.org/10.1088/0034-4885/34/2/306
https://doi.org/10.48550/arXiv.1501.00928
https://doi.org/10.48550/arXiv.1501.00928
https://doi.org/10.1016/0375-9474(92)90249-J
https://doi.org/10.1016/0370-1573(94)90153-8
https://doi.org/10.15407/jnpae2018.04.350
https://doi.org/10.15407/jnpae2018.04.350
https://doi.org/10.1016/j.scib.2022.12.010


Nuclear Energy and Technology 12(2): 129–137 137

ish Journal Computer Mathematics’ Education 12(5): 2001–2008. 
https://doi.org/10.61841/turcomat.v12i5.2288

	� Shafik SS, Gaith NF, Akram MA (2014) Differential cross section 
comparison calculated from Kalbach and Iwmoto-Harada Models 
for alpha emission in pre-equilibrium region. American Journal of 
Physics and Applications 2(2): 52–55. https://doi.org/10.11648/J.
AJPA.20140202.12

	� Akram MA, Hajer MM (2022) Determination of differential 
cross-section of (n+89Y) elastic and inelastic scattering using Eikonal 
Approximation. Iraqi Journal of Science 63(6): 2514–2522. https://
doi.org/10.24996/ijs.2022.63.6.18

	� Scholz P, Endres A, Hennig A, Netterdon L, Becker HW, Endres J, 
Mayer J, Giesen U, Rogalla D, Schlüter F, Pickstone SG, Zell KO, 
Zilges A (2014) Measurement of the 187Re(α, n)190Ir reaction cross- 
section at sub-Coulomb energies using the Cologne Clover Count-
ing Setup. Physical Review C (90): 065807. https://doi.org/10.1103/
PhysRevC.90.065807

	� Mahdi HJ, Dakhil ZA, Rasha SA (2014) The single particle level cal-
culation for 232Th 90 using equidistant pace model (ESM) and non-
ESM in Fermi Gas model. Iraqi Journal of Science 54(1): 115–120. 
https://inspirehep.net/authors/2471902

	� Jasim MH (2015) Evaluating the phenomenological approach mod-
els in predicting the Neutron Induced Deuteron Emission Spectra 
from Different Reactions. Iraqi Journal of science 56(3A): 1964–
1971. https://doi.org/10.13140/rg.2.1.3666.7360

	� Bertulani CA, Kajino T (2016) Frontiers in nuclear astrophysics. 
Progress in Particle and Nuclear Physics (89): 56–100. https://doi.
org/10.1016/j.ppnp.2016.04.001

	� Yakubu M (2025) The impact of four forces in our daily life and the 
approach of uniting them. IOSR Journal of Applied Physics 7(3): 
1–07. https://doi.org/10.9790/4861-07310107

	� Capel P (2019) Introduction to nuclear-reaction theory. Nuclear The-
ory arXiv: 1907.01836. https://doi.org/10.48550/arXiv.1907.01836

	� Šalamon L, Geslot B, Heyse J, Kopecky S, Leconte P, Noguere G, 
Paradela C, Schillebeeckx P, Snoj L (2019) 107Ag and 109Ag resonance 
parameters for neutron induced reactions below1 keV. Nuclear Instru-
ments and Methods in Physics Research Section B: Beam Interact with 
Mater Atom 446: 19–28. https://doi.org/10.1016/j.nimb.2019.03.012

	� Kavun Y, Makwana R (2020) Study of (γ, p) reaction cross-section 
calculations of 52Cr, 54Fe, 60Ni and 64Zn isotopes. Nuclear Instruments 
and Methods in Physics Research Section B: Beam Interact with Ma-
ter Atom (472): 72–77. https://doi.org/10.1016/j.nimb.2020.03.036

	� Ahmed M, Maroof AAK, Farhan SS (2024) Assessment of the cumu-
lative effects of radioactive elements in selected areas of the soil Ra-
madi city in Anbar western Iraq. Journal of Theoretical and Applied 
Physics 18(23). https://doi.org/10.57647/j.jtap.2024.si-AICIS23.13

	� Abd Alsatar KM, Ali AM, Shafik SS (2020) Pre-Equilibrium Differ-
ential and Double Differential Cross- Sections of Neutrons Induce 
Reaction in 64Zn Nucleus. Materials Science and Engineering (928): 
1–13. https://doi.org/10.1088/1757-899X/928/7/072145

Additional information
Conflict of interest
The authors have declared that no competing interests exist.

Ethical statement
No ethical statement was reported.

Artificial Intelligence (AI) Use
The authors accept full responsibility for the content of the manuscript, including 
the disclosure of any use of AI.
No AI tools were used in the preparation of this manuscript.

Funding
No funding was reported.

Author contributions
In this research, the Preco 06 code was used, which uses the Fortran language 
to extract theoretical results. At the end of the research, reference was made to: 
Initial global parameters of Preco-06. Also mentioned at the end of the research is 
the  summary of the excitation energies and definition parameters for the strong 
spectral collective states in 90Zr target nuclei. The Energies are given in MeV.

Author ORCIDs
A.K. Maroof  https://orcid.org/0009-0001-0594-9245
A.M. Ali  https://orcid.org/0000-0001-5754-5800

Data availability
All of the data that support the findings of this study are available in the main text.

https://doi.org/10.61841/turcomat.v12i5.2288
https://doi.org/10.11648/J.AJPA.20140202.12
https://doi.org/10.11648/J.AJPA.20140202.12
https://doi.org/10.24996/ijs.2022.63.6.18
https://doi.org/10.24996/ijs.2022.63.6.18
https://doi.org/10.1103/PhysRevC.90.065807
https://doi.org/10.1103/PhysRevC.90.065807
https://inspirehep.net/authors/2471902
https://doi.org/10.13140/rg.2.1.3666.7360
https://doi.org/10.1016/j.ppnp.2016.04.001
https://doi.org/10.1016/j.ppnp.2016.04.001
https://doi.org/10.9790/4861-07310107
https://doi.org/10.48550/arXiv.1907.01836
https://doi.org/10.1016/j.nimb.2019.03.012
https://doi.org/10.1016/j.nimb.2020.03.036
https://doi.org/10.57647/j.jtap.2024.si-AICIS23.13
https://doi.org/10.1088/1757-899X/928/7/072145
https://orcid.org/0009-0001-0594-9245
https://orcid.org/0000-0001-5754-5800

	Abstract
	Introduction
	Energy spectrum of pre-equilibrium reactions
	Results and discussions
	Discussion
	Conclusion
	References
	Additional information



