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Abstract We present new experimental data for the inclu-
sive (p,xp) and (p,xα) reactions on 27 Al target. Double-
differential cross sections of (p,xp) at energies 7, 22, 30 MeV
and (p,xα) at energies 22, 30 MeV within the angular range
of 30◦–135◦ have been measured for the first time. The data
has been analyzed by using the exciton model, along with
multistep direct and multistep compound models to eval-
uate the adequacy of the theoretical models in explaining
the measured data. Our calculations indicate that the exci-
ton model captures the general trends and oscillatory struc-
tures of the spectra at higher proton energies; however, the
agreement between theory and experiment remains qualita-
tive, reflecting the inherent complexity of pre-equilibrium
reaction mechanisms.
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1 Introduction

Experimental information on the double-differential (DDX)
and integral cross sections of nucleon-induced reactions in
the energy range of 20–200 MeV is becoming increasingly
significant in the fields of radioisotope production, radiation
safety and protection, development of evaluated nuclear data
libraries, and nuclear reaction models [1–3]. The combina-
tion of new and previously measured data will improve our
understanding of the dynamics of the contribution of pre-
equilibrium processes to the total energy spectrum of sec-
ondary particles formed with increasing energy.

Pre-equilibrium nuclear reactions occupy an intermediate
position between direct nuclear reactions with timescales of
τ ≈ 10−22 s and reactions involving compound nuclei with
timescales of τ ≈ 10−14 s [4]. The theoretical description of
pre-equilibrium nuclear reactions allows tracing the dynam-
ics of the process as the nuclear system approaches the equi-
librium state. These reactions have been described by the
Exciton model as well as the modifications of this model
[5,6].

The work of Griffin, Cline and Blann [4,7,8] contributed
significantly to the development of generalized master equa-
tions and stimulated further experimental investigations.
These studies yielded two major outcomes: first, they suc-
cessfully described various features of nuclear reactions-
such as cross sections involving nucleons and alpha parti-
cles, excitation functions, and angle-integrated particle emis-
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sion spectra-at incident energies around 10 MeV and above.
Second, the simplified models proposed in these works pro-
vided valuable physical insights into the reaction mecha-
nisms, including the structure of initial configurations, life-
times of intermediate states, and collision probabilities of
excited particles within nuclear matter. Consequently, pre-
equilibrium processes have emerged as a key component in
achieving a more comprehensive understanding of nuclear
reactions [9]. However, the mechanism of pre-equilibrium
processes remains insufficiently explored and understood.
Further experimental measurements and theoretical develop-
ments are still needed in order to enhance our understanding
of the reaction mechanism.

So far, several works have been devoted to the study of
the reactions (p,xp) and (p,xα) in 27Al. Bertrand and Peelle
[10] have measured the energy spectra of secondary parti-
cles (p, d, t, 3He, α) at incident proton energies of 29.0 and
62.0 MeV and carried out an analysis within the framework
of the intranuclear cascade model. Harada et al. [11] mea-
sured the double differential cross-section of the (p,xp) and
(p,xα) reactions on 27Al at proton energies of 42 and 68 MeV
and compared them to the results of Chadwick et al. [12].
The cross-section measurement results for (p,xp) reactions
on 27Al at 90 MeV are presented in [13]. In a recent study,
Yamaguchi et al. [3] remeasured the data of Bertrand [10]
and Harada et al. [11] at 60◦ and 150◦ to investigate dis-
crepancies in the 2–5 MeV energy range. Lewandowski et
al. [14] recorded the spectra of α-particles from the reaction
with protons on 27Al at Ep = 72 MeV. The experimental
cross sections were compared with the theoretical calcula-
tions within the hybrid model.

Despite several studies on this system, research on 27Al
continues, especially at lower energies, to complete the entire
picture that would allow conclusions based on fully compre-
hensive processed data. Therefore, in this work, we have con-
ducted a new experiment to measure the double-differential
cross sections (p,xp) and (p,xα) from the interaction of accel-
erated protons with the 27Al target. We present new data at
energies Ep = 7.0, 22.0 and 30.0 MeV within the angular
range of 30◦–135◦ which has not been extensively investi-
gated to date. In this work, the pre-equilibrium Exciton model
and the evaporation theory were used in theoretical calcula-
tions.

In the next section, we provide the details of the exper-
imental setup and the experimental results. The theoretical
analysis of the experimental results by the pre-equilibrium
Exciton Model is given in Sect. 3. Section 4 is devoted to our
summary and conclusions.

2 Experiment

The differential cross sections of 27Al(p,xp) and (p,xα) reac-
tions have been measured for the first time at incident proton
energies Ep = 7.0, 22.0, and 30.0 MeV in the angular range
between 30◦–135◦ at the U-150 M isochronous cyclotron of
the Institute of Nuclear Physics at Almaty in Kazakhstan.

The scattering chamber, shown in Fig. 1, is located 23.9
m from the exit of the cyclotron beam and has an inner diam-
eter of 60 cm. A particle spectrometer, consisting of a single
telescope, was mounted on the rotating cover of the scatter-
ing chamber at an angle of 10◦ to the reaction plane. The
spectrometer could be positioned relative to the beam axis
at angles θLS ranging from 10◦ to 165◦, with an accuracy of
0.1◦.

The angular uncertainty of the collimator system, posi-
tioned just in front of the scattering chamber, determines
the dimension of the beam on the target (3 mm). The align-
ment of the scattering chamber with respect to the beam axis
was performed using optical methods. The beam intensity,
which ranged from 10 to 50 nA, was adjusted according to
the detection angle. A Faraday cup-current integrator system
was employed to determine the number of particles imping-
ing on the target. A 27Al foil with a thickness of 3.65 mg/cm2

and a purity of 98% served as the target. The target thick-
ness was verified by measuring the energy loss of the alpha
particles emitted from the 226Ra source.

Reaction products were identified by mass and energy
using the (�E–E) method, supported by a multidimensional
programmable analysis system with ORTEC electronics, as
shown in Fig. 2. The signals from the �E and E detectors
were processed through two spectrometric channels (“E” and
“�E”) and fed into a two-dimensional analyzer equipped
with microcontrollers, which works as a remote unit con-
nected to a computer. The system software configured the
analyzer’s operating modes, and the data were transmitted to
the computer for graphical visualization and file storage. The
remote unit also included a control pulse counter to estimate
errors by comparing the pulse count with the total number
of events recorded in the matrix field. In addition, it features
an external event counter for signals from the Faraday cup to
the digital current integrator (Ortec 439).

To measure the production of charged particles from the
(p,xp) reaction at 7 MeV and the (p,xα) reaction at 22 and
30 MeV, silicon detectors with �E thicknesses of 25–50 µm
and E thicknesses of 2 mm were used. For the reaction (p,xp)
at 22 and 30 MeV, a silicon detector with a thickness of
100 µm and a CsI(Tl) scintillator were used. The energy
resolution of the measurement system was primarily deter-
mined by the beam energy resolution, which was 1% of the
initial energy, and the resolution of the detection telescopes.
Specifically, the energy resolution was 150 keV for the Si+Si
configuration and 300 keV for the Si+CsI configuration. An
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Fig. 1 Scattering chamber used
in the experiment. The telescope
mount has been installed in a
rotary cover, allowing angle
measurements from 10◦ to 165◦.
Additionally, a rotating target
wheel enables switching
between different target
materials. Faraday Cup is used
for absolute current
measurement

Fig. 2 Particle identification
system. CSA charge sensitive
amplifier, SCA single channel
analyzer, Ampf shaper amplifier,
CS coincidence scheme, DL
delay line, LG linear gate, DB
delay block, MCA multichannel
analyzer, FC Faraday cup, CI
current integrator

example of a two-dimensional plot (�E versus E, the yield is
on Z) obtained from the telescopes used in the experiments
is shown in Figs. 3 and 4. As seen from the figures, the prod-
ucts of the reaction at Ep = 22 MeV have been definitively
identified.

The systematic errors in the measured cross sections were
mainly attributed to uncertainties in the target thickness,
which were less than 5%, the calibration of the current inte-
grator, around 1%, and the solid angle of the spectrometer,
which had an uncertainty of less than 1.3%. The energy of

the accelerated particle beam was measured with an accuracy
of 1%. Overall, the total error in the measured cross sections
did not exceed 15%.

The double differential cross sections obtained from reac-
tions 27Al(p,xp) and (p,xα) are presented in Figs. 5, 6, 7,
8 and 9. Integrated cross sections over an angle determined
from the double-differential cross sections and averaged over
the energy range of 0.5 MeV are shown in Figs. 10 and 11.
Further details of the experimental procedure are provided in
[15–17].
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Fig. 3 �E–E spectrum of
(p,xp) reaction at Ep = 22 MeV

Fig. 4 �E–E spectrum of
(p,xα) reaction at Ep = 22 MeV
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Fig. 5 Double differential
cross sections for the 27Al(p,xp)
reaction at energy Ep = 7 MeV
at 30◦, 45◦, 60◦, 75◦, 90◦, 105◦,
120◦, 135◦. The solid lines show
theoretical results using the first
method. Dashed lines show the
results using the second model.
First model results have been
obtained by using the code
PRECO while the second model
results have been obtained by
using the code TALYS

Fig. 6 Double differential
cross-sections of the 27Al(p,xp)
reaction at energy Ep = 22 MeV
at 30◦, 45◦, 60◦, 75◦, 90◦, 105◦,
120◦, 135◦. The solid lines show
theoretical results using the first
method. Dashed lines show the
results using the second model
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Fig. 7 Double differential
cross sections of the 27Al(p,xp)
reaction at energy Ep = 30
MeV at 30◦, 45◦, 60◦, 75◦, 90◦,
105◦, 120◦. The solid lines show
theoretical results using the first
method. Dashed lines show the
results using the second model

Fig. 8 Double differential
cross sections of the 27Al(p,xα)
reaction at energy Ep = 22
MeV at 30◦, 45◦, 60◦, 75◦, 90◦,
105◦. The solid lines show
theoretical results using the first
method. Dashed lines show the
results using the second model
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Fig. 9 Double differential
cross sections of the 27Al(p,xα)
reaction at energy Ep = 30
MeV at 30◦, 45◦, 60◦, 75◦,
90◦.The solid lines show
theoretical results using the first
method. Dashed lines show the
results using the second model

Fig. 10 Angle integrated cross
sections of the 27Al(p,xp) at
energies Ep = 7, 22 and 30
MeV. The solid lines show the
results produced by using the
exciton model,
Weisskopf–Ewing Model, and
Bechetti–Greenles
parametrization in the optical
model (code PRECO), the
dotted lines show the results
produced by using the exciton
model, Hauser–Feshbach model,
and Koning–Delaroche
parametrization in the optical
model (code TALYS). The long
dashed lines show the
MSD+MSC model calculations
using the code TALYS
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Fig. 11 Angle integrated cross
sections of the27Al(p,xα)
Eα = 22 and 30 MeV. The solid
lines show the results produced
by using the exciton model,
Weisskopf–Ewing Model, and
Bechetti–Greenles
parametrization in the optical
model (code PRECO), the
dotted lines show the results
produced by using the exciton
model, Hauser–Feshbach model,
and Koning–Delaroche
parametrization in the optical
model (code TALYS). The long
dashed lines show the
MSD+MSC model calculations
using the code TALYS

3 Theoretical analyses

We calculated double differential and angle-integrated cross
sections using two distinct approaches. Both methods account
for equilibrium and pre-equilibrium mechanisms in model-
ing the proton emission spectrum, with the exciton model
[18–20] employed to describe the pre-equilibrium process.
For the equilibrium contribution, the first method uses
the Weisskopf–Ewing evaporation model, while the second
relies on the Hauser–Feshbach formalism. These calculations
were carried out using the codes PRECO [21] and TALYS
1.95 [22]. An additional distinction between the approaches
lies in the optical model potentials: TALYS adopts the global
Koning–Delaroche potential [25], whereas PRECO uses the
Becchetti–Greenlees parameterization [26].

In the exciton model, the nucleus is characterized by the
parameters pπ , hπ , pν and hν , where p and h denote particle
and hole degrees of freedom and π and ν denote proton and
neutron degrees of freedom, respectively. They are related to
the parameters of the one-component model by the relations
p = pπ + pν and h = hπ + hν . They can also be combined to
give the total number n of exciton n= p + h= pπ + hπ + pν +

hν = nπ + nν . Integration of the main equation over time to the
equilibrium time τ eq gives the average lifetime of the exciton
state τ , which can be used to calculate the differential cross
section [22]. A particle k with energy Ek can be expressed in
terms of τ , the cross section for the formation of a compound
nucleus σCF , the particle emission rate Wk and the factor
P representing the part of the population that has survived
emission from previous states and now passes through the
configurations (pπ , hπ , pν , hν) averaged over time.

dσ PE
k

dEk
= σCF

pmax
π∑

pπ=p0
π pv=p0

v

pmax
v∑

k

Wk (pπ , hπ , pv, hv, Ek) τ

× (pπ , hπ , pv, hv) × P (pπ , hπ , pv, hv)

(1)

The fragment emission rate Wk , for particles with reduced
mass μ k and spin sk is [7]:

Wk (pπ , hπ , pv, hv, Ek) = 2sk + 1

π2h3 μk Ekσk, inv (Ek)

×ω
(
pπ − Zk, hπ , pv − Nk, hv, E tot − Ek

)

ω
(
pπ , hπ , pv, hv, E tot

) (2)
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Table 1 The contributions of
direct, compound and
pre-equilibrium processes to the
total cross-section of 27Al(p,xp)
at energies Ep = 7, 22, 30 MeV

Ep , MeV Total, mb Direct, mb Preequilibrium, mb Compound, mb Exp. data, mb

7.0 393.8 56.7 4.9 × 10−2 337.0 147.8± 0.5

22.0 548.8 72.3 2.6 × 102 219.5 523.0 ± 1.2

30.0 487.4 60.3 3.2 × 102 111.3 712.0 ± 2.0

Table 2 The contributions of
direct, compound and
pre-equilibrium processes to the
total cross-section of 27Al(p,xα)
at energies Ep = 22, 30 MeV

Eα , MeV Total, mb Direct, mb Preequilibrium, mb Compound, mb Exp. data, mb

22.0 86.5 1.8 21.8 62.9 12.8±0.4

30.0 56.4 0.8 24.6 31.0 19.0± 0.2

where σk,inv(Ek) is the cross section of the inverse process of
formation of a compound nucleus, Zk (Nk) is the proton (neu-
tron) number of the particle emitted, Etot is the total energy
of the compound system [24] and ω(pπ , hπ , pν, hν, Etot )

is the particle-hole state density [22]. Proton and neutron
single-particle densities are given as gπ = Z/15 and gν =
N/15 MeV−1, respectively.

We present theoretical calculations obtained using both
methods for the double differential cross sections of the
(p,xp) reaction at incident energy Ep = 7, 22 and 30 MeV
in the Figs. 5, 6 and 7. Theoretical results for (p,xα) at Ep

= 22 MeV and 30 MeV are shown in Figs. 8 and 9. As
seen from the figures, the first method yields an improved
agreement with the (p,xp) data, particularly in reproducing
the overall spectral shape, whereas the second method fails
to accurately describe the elastic peaks. However, the sec-
ond method reproduces a better description for the alpha
channel. It should be emphasized that the current theoreti-
cal approaches provide only qualitative agreement with the
experimental data, reflecting the intrinsic complexity of pre-
equilibrium reaction mechanisms.

We compare two methods also for the integrated cross
sections of the 27Al(p,xp) and 27Al(p,xα) reactions in the
Figs. 10 and 11. We have also calculated the contribution
of the direct, compound, and pre-equilibrium processes sep-
arately by using the second method. The contributions of
direct processes such as transfer, knockout, and inelastic scat-
tering have also been determined using direct reaction mod-
els. We show the contributions of each process in Table 1
for 27Al(p,xp) and in Table 2 for 27Al(p,xα). As seen from
the Table 1, the main contribution to the total cross sections
comes from the pre-equilibrium mechanism for the (p,xp)
reactions at energies Ep = 22 and 30 MeV, while the con-
tribution of the pre-equilibrium processes is very small at
energy Ep = 7 MeV, as expected. For proton bombarding
energy below 10 MeV, pre-compound nuclei can be neglected
and direct or compound nucleus reactions become domi-
nant. However, for energies above 10 MeV, compound pro-
cesses are more important as the decay time of the compound
nucleus becomes comparable to its internal equilibrium time

[23]. Overall, while the use of Exciton and Multistep mod-
els provides a useful framework for interpreting the data,
the comparison remains qualitative. The observed discrep-
ancies highlight the limitations of current models in fully
capturing the complex interplay of reaction mechanisms at
these energies. Further development of microscopic models
and improved input parameters (e.g., optical potentials, level
densities) is essential for achieving a more accurate theoret-
ical description.

4 Results

We have performed a detailed analysis of the 27Al(p,xp) and
27Al(p,xα) reactions at incident proton energies Ep = 7.0,
22.0, and 30.0 MeV. To investigate the underlying reac-
tion mechanisms across these energy ranges, we employed
two distinct approaches. In the first approach, the exciton
model was used to describe the pre-equilibrium processes,
the Weisskopf–Ewing evaporation model for equilibrium
processes, and the optical model with Becchetti–Greenlees
parametrization for direct processes. The second approach
also utilized the exciton model for the pre-equilibrium stage,
but incorporated the Hauser–Feshbach model for the com-
pound and the Koning–Delaroche parametrization in the
Optical Model for direct processes.

Figure 5 presents the double differential cross sections of
the 27Al(p,xp) reaction at incident proton energy Ep = 7
MeV, measured at angles 30◦, 45◦, 60◦, 75◦, 90◦, 105◦,
120◦, 135◦. The results obtained using the first method
(solid lines) and the second method (dashed lines) are com-
pared. As shown in Fig. 5, neither method provides an ade-
quate description of the experimental data at this energy.
These results suggest that the models employed are insuf-
ficient for accurately reproducing cross sections at low inci-
dent energies, indicating the need to account for additional
reaction mechanisms or interactions in this energy range.
Figures 6 and 7 display the double differential cross sec-
tions for protons at energy Ep = 22 and 30 MeV, respec-
tively, at the same angles. At these higher energies, the first
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Table 3 The optical potential
parameters used in TALYS
calculations

Energy (MeV) V (MeV) rv (fm) av (fm) W (MeV) rw (fm) aw (fm)

7.0 27.65 0.813 0.333 0.74 0.813 0.333

22.0 74.28 1.394 0.465 2.33 1.394 0.465

30.0 51.28 1.627 0.599 3.36 1.627 0.599

approach-combining the Exciton model with the Weisskopf–
Ewing model and the Becchetti–Greenlees optical potential-
demonstrates good agreement with the experimental data.
The improved performance is attributed to the dominance
of pre-equilibrium processes at higher energies, where the
Exciton model effectively captures the high-energy proton
emission. In contrast, the second approach-employing the
Exciton model with the Hauser–Feshbach model and the
Koning–Delaroche optical potential-fails to reproduce the
elastic peaks and does not achieve satisfactory agreement
at forward angles.

The double differential cross sections of (p,xα) reactions
at Ep = 22 and 30 MeV, measured at angles 30◦, 45◦, 60◦,
75◦, 90◦, 105◦, are presented in Figs. 8 and 9, respectively.
Although the first method accurately reproduces the proton
emission spectra, it fails to describe the alpha spectra, partic-
ularly at forward angles. This discrepancy may arise from the
fundamentally different nature of proton and alpha emission
mechanisms. Proton emission is relatively well described by
statistical and pre-equilibrium models, while alpha emission
is governed by more complex processes, including possi-
ble direct mechanisms such as cluster knock-out or trans-
fer, which are not explicitly accounted for in the model.
In contrast, the second method (dashed lines) provides an
improved description of the alpha spectra, demonstrating
better agreement with the experimental data than the first
model. It appears that, in the Hauser–Feshbach approach
implemented in the TALYS code, the mapping of the pre-
equilibrium spectrum onto discrete states-followed by broad-
ening of this strength to simulate experimental conditions-is
applied only to outgoing α particles.

We have also calculated the angle-integrated cross sec-
tions for 27Al(p,xp) and (p,xα) reactions. The integrated cross
section data of protons at Ep = 7, 22, and 30 MeV are pre-
sented in Fig. 10, with a comparison of results from both
methods. Similarly, the integrated cross section for α parti-
cles at Ep = 22 and 30 MeV has been shown in Fig. 11. It is
clearly seen that the first method reproduces only (p,xp) data
at Ep = 22 and 30 MeV, whereas the second method fails
to adequately describe both the (p,xp) and (p,xp) and (p,xα)
channels.

Based on these results, we modified the second method
by incorporating the multistep direct (MSD) theory of Fes-
bach, Kerman and Koonin [9,27] and multistep compound
(MSC) model instead of the exciton model built in TALYS

[28]. As shown in the Figs. 10 and 11, the MSD+MSC model
with Hauser–Feshbach and Koning–Delaroche parametriza-
tion produces similar results to the exciton model. As seen
from the Fig. 11, none of the models used in this study ade-
quately reproduce the (p,xα) data. Since the total reaction
cross section remains constant in both cases, a decrease in
the pre-equilibrium spectrum for one emitted particle must be
offset by an increase for the other, and vice versa. In this case,
the MSD-MSC model leads to a better high-energy part of
the spectrum for (p,xα). Whether this is a systematic effect,
to be expected for many target nuclides, is not yet known.

We also investigated the effect of varying optical poten-
tial parameters within the frameworks of the exciton and
Hauser–Feshbach models to reproduce the proton spectra.
Specifically, we modified the depth, radius, and diffuseness
parameters of both the real and imaginary components of
the potential. The potential parameters are given in Table 3.
This led to some improvement in the calculated spectra at
Ep = 22 and 30 MeV. However, as shown in Fig. 12, the
models still fail to reproduce the elastic peaks. It should be
noted that the code TALYS does not account for elastic peaks
at these energies, as it considers only non-elastic transitions
for incident charged particles. The difference between the
results of the first and second models may arise from the fact
that TALYS leaves the contribution from the elastic peak out.
At Ep = 22 and 30 MeV, the real part of the optical potential
has a greater influence on the results than the imaginary part.
Therefore, we kept the imaginary component fixed, using the
Koning–Delaroche parameterization. As shown in the table,
the depth and radius of the real potential increase with energy,
while the diffuseness parameter decreases at both energies.
In contrast, at Ep = 7 MeV, both the real and imaginary
potential parameters were reduced to account for the oscil-
latory behavior. Nevertheless, the model still fails to provide
a satisfactory fit to the experimental data at this energy.

5 Conclusions

We have presented new experimental data at Ep = 7.0, 22.0
and 30.0 MeV within a range of 30◦–135◦ for the inclu-
sive reactions (p,xp) and (p,xα) on nucleus 27Al, which has
not been investigated in detail so far. The extension of the
pre-equilibrium reactions to this energy region is very impor-
tant to understand the reaction mechanism of the equilibrium
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Fig. 12 Angle integrated cross sections of the 27 Al(p,xp) produced
by using the Optical potential parameters given in Table 3

nuclear reactions as well as to develop theoretical models to
explain the measured data. Since there is no experimental
data for the protons around 30 MeV, this experimental study is
very important for the extension of the pre-equilibrium exper-
iments in this direction to see the mechanism of the reaction
and the level of energy dependence. It is also important to
assess the adequacy of the aforementioned theoretical mod-
els in explaining the measured experimental data. Although
our calculations indicate that the exciton model, Weisskopf–
Ewing Model, and Becchetti–Greenlees parametrization -
corresponding to pre-equilibrium, compound, and direct pro-
cesses, respectively, provide a reasonable description of the
proton and α spectra at Ep = 22.0 and 30.0, significant dis-
crepancies persist, and not all theoretical predictions closely
align with the experimental data. Also, the proton spectrum at
Ep = 7 requires more detailed investigation using alternative
reaction models.

The theoretical approaches presented in this study are
capable of reproducing the gross features of the measured
cross-sections. However, the agreement remains largely qual-
itative, especially in the reproduction of spectral shapes
and elastic peaks. At 7 MeV, even qualitative agreement
is limited. This reflects the known limitations of current
pre-equilibrium models in capturing the full complexity of
nuclear reaction mechanisms, highlighting the need for fur-

ther refinement to achieve a more accurate representation
of the experimental data. What requires further investiga-
tion is the transition from the compound nuclear reaction
mechanism to the pre-equilibrium mechanism as energy
increases. While these approaches qualitatively capture this
shift, a more detailed analysis is needed to fully understand
its impact on the overall reaction dynamics. This transition
plays a crucial role in determining the energy dependence of
nuclear reactions. It is also clear that the mapping of nuclear
transfer reactions, as described by the phenomenological pre-
equilibrium model of Kalbach, has room for improvement.
In proper pick-up, knock-out, and stripping reactions, the
spectroscopic factors for each discrete state must be taken
into account. After modeling the direct reaction-using models
such as the continuum discretized coupled channels (CDCC)
model-the resulting cross sections should be broadened to
get a comparison with experimental data. Especially for the
(p,xα) reaction, the final results are too structureless. There-
fore, a more comprehensive discussion of this shift is nec-
essary to provide a clearer understanding of the underlying
physics.

In conclusion, theoretical analysis using the exciton model
and related frameworks offers partial insight into the reaction
mechanisms, qualitatively reproducing the main features of
the spectra. However, quantitative agreement is not achieved,
and notable discrepancies-particularly in the shape and mag-
nitude of the cross sections-highlight the current limitations
of these models. This emphasizes the necessity for more
comprehensive theoretical treatments and improvements in
model inputs. It is anticipated that the availability of these
experimental data will encourage further theoretical inves-
tigations to achieve a more complete understanding of pre-
equilibrium nuclear reactions.
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