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The study of antiproton-nucleus interactions at low and very low energies is important for under-
standing nuclear dynamics and interactions. In this work, we analyze antiproton elastic scattering
and annihilation cross-section data using an optical model approach. By employing the Woods-
Saxon potential, we extract meaningful parameters to describe the interaction and provide insight
into momentum dependence. The results indicate good agreement with experimental data, while
also suggesting hidden dependencies on momentum in potential parameters. Future improvements
involve refining computational techniques and exploring alternative parameterizations to achieve
more precise modeling.
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1. Introduction

Antiproton interactions with nuclei provide valuable insight into nuclear structure and strong
force dynamics. Experimental data from LEAR (1980s-1990s) [1–4] and AD (2000s-present) [5–7]
have enabled precise measurements of antiproton elastic scattering and annihilation cross-sections.
However, the study of low-energy antiproton interactions (p < 300 MeV/c) remains incomplete,
particularly at very low energies (p < 100 MeV/c). This work aims to analyze such interactions
using an optical potential model, focusing on momentum dependence and model validation.

Figure 1: Antinucleon annihilation cross-section measurements for kinetic energies below 500 MeV (from
Ref. [6], where details and references are available). Antineutron data (ochre) are from the OBELIX
experiment at CERN. Antiproton data symbols: ☆ for H (from OBELIX and PS173 experiments at CERN),
◯ for D (from OBELIX, Kalogeropoulos et al. at BNL, and Bizzarri et al. at CERN), × for 4He (from
OBELIX and the PS179 experiment at CERN), ∎ for 3He (from OBELIX), ● for C (from the ASACUSA
experiment at CERN and from Nakamura et al. at KEK),◇ for Ne (from PS179),☀ for Al (from Nakamura
et al. and Ashford et al. at AGS), △ for Ca (from Garreta et al. at CERN),×+ for Cu (from Nakamura et al.
and Ashford et al.), × for Pb (from Ashford et al. and Garreta et al.), ▲ for Ni, ● for Sn, and ▼ for Pt (from
ASACUSA).
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2. Data and Methodology

The analysis begins by considering scattering data from LEAR experiments for different nuclei
at various momenta, as listed in Table 1. These data were extracted from published plots, as they
are not available in online databases.

Nucleus Momentum (MeV/c) Angle Range (deg) Measured Points
12C 300/608 5-65 44/46 [8–10]
16O 605.5 5-65 29 [10]
40Ca 303/608 5-45/5-55 23/43 [8–10]
208Pb 305/609 5-40/5-45 19/40 [8–10]

Table 1: Sets of elastic scattering data, see the cited references for the values.

We model the nuclear interaction using a Woods-Saxon potential [11] (Eq. (1)) and solve the
non-relativistic Schrödinger equation numerically within a partial-wave formalism:

𝑈𝑊𝑆(𝑟) = 𝑉0 𝑓 (𝑟, 𝑟0𝑅, 𝑎𝑅) + 𝑖𝑊0 𝑓 (𝑟, 𝑟0𝐼 , 𝑎𝐼) (1)

where

𝑓 (𝑟, 𝑟0𝑥 , 𝑎𝑥) = [1 + exp(𝑟 − 𝑟0𝑥𝐴
1/3

𝑎𝑥
)]
−1

The parameters are: 𝑉0 and 𝑊0 (depths of the real and imaginary potentials), 𝑟0𝑅 and 𝑟0𝐼 (radius
parameters for the real and imaginary potentials), 𝑎𝑅 and 𝑎𝐼 (diffuseness parameters for the real and
imaginary potentials), and 𝐴 (mass number of the nucleus). The variable 𝑟 is the radial distance
from the center of the nucleus. The function 𝑓 (𝑟, 𝑟0𝑥 , 𝑎𝑥) describes a Fermi-type distribution,
ensuring a smooth transition of the potential from the central region to the exterior.

The solutions give the scattering amplitude 𝐴𝑆 , which contains the information about the
nucleus and the interaction with the projectile with wave number 𝑘 = 𝑝/ℎ̵, from which the differential
elastic cross-section can be evaluated.

𝑑𝜎el

𝑑Ω
= ∣𝐴𝑆(𝜃, 𝑘)∣2 (2)

We fitted the calculated cross-sections to existing data to determine the model parameters and
validate the model through the minimization of the following 𝜒2 function, which incorporates a
pull term 𝜆 for normalization.

𝜒2 = min
𝜆

⎡⎢⎢⎢⎢⎣

𝑁

∑
𝑖

(𝜎
𝑒𝑥(𝑥𝑖) − 𝜆𝜎𝑡ℎ(𝑥𝑖)

Δ𝜎𝑖

)
2

+ (𝜆 − 𝜆0

Δ𝜆
)

2⎤⎥⎥⎥⎥⎦
The number of free parameters varies from 5 to 7. The potential depths (𝑉0 and𝑊0) are always

free parameters. The geometrical parameters (𝑎𝑅, 𝑎𝐼 , 𝑟0𝑅, 𝑟0𝐼 ) can be different between the real
and imaginary part or can be set equal in pairs (𝑎𝑅 = 𝑎𝐼 and/or 𝑟0𝑅 = 𝑟0𝐼 ).
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Figure 2: Woods-Saxon potential [11] (Eq. (1)).

3. Results and Discussion

The analysis was initially conducted using the elastic cross sections. Here we discuss only
the case of the 12C target using datasets at 300 MeV/c and 608 MeV/c (see Fig. 3). The obtained
parameters are reported in Table 2.

𝑝 𝑛par 𝑈0 𝑊0 𝑟0𝑅 𝑟0𝐼 𝑎𝑅 𝑎𝐼 𝜆 𝜒̃2

[MeV] [MeV] [MeV] [fm] [fm] [fm] [fm]

300 5 18 ± 5 27 ± 12 1.35 ± 0.13 — 0.43 ± 0.07 — 1.19 ± 0.03 0.78
6 23 ± 5 16 ± 6 1.3 ± 0.1 1.5 ± 0.1 0.40 ± 0.05 — 1.0 ± 0.1 0.70
7 23 ± 5 16 ± 5 1.3 ± 0.1 1.5 ± 0.1 0.4 ± 0.1 0.4 ± 0.1 1.00 ± 0.09 0.72

608 5 71 ± 7 159 ± 18 0.97 ± 0.03 — 0.478 ± 0.009 — 1.20 ± 0.03 0.90
6 52 ± 15 179 ± 29 1.05 ± 0.08 0.94 ± 0.04 0.477 ± 0.009 — 1.22 ± 0.03 0.92
7 64 ± 20 158 ± 44 1.03 ± 0.08 0.96 ± 0.06 0.43 ± 0.06 0.49 ± 0.02 1.21 ± 0.04 0.93

Table 2: Best-fit parameters for 12C target. The empty cells are for geometrical parameters which were
forced to be the equal to the corresponding real part values.

Good agreement has been obtained between the model and the experimental data, as also
visible in Fig. 3 for the 12C data at 608 MeV/c. However, changing the momentum the values of the
parameters – in particular the potential depths – seems to change considerably. This could be a clue
to some parameters’ hidden dependence on momentum, a possibility explored in other potential
models [12].

The same parameters obtained from the fit were used to calculate the annihilation cross sections,
which were then compared with the experimental annihilation data reported in Table 3.
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Nucleus Momentum(MeV/c) Measured points
12C 100-900 7 [6]

40Ca 610 1 [8, 9]
208Pb 500-650 3 [6]

Table 3: Datasets of the antiproton annihilation cross sections.

The results are plotted in Fig. 4. The dependence on momentum is also evident in this case, as
using parameters from a different dataset—i.e., with a different momentum—better reproduces the
annihilation data near that momentum compared to others.

Figure 3: Experimental data for 12C at E = 179.7 MeV (p = 607.87 MeV/c) between 0○−60○ with the best-fit
curve and error bands at 1𝜎 and 2𝜎.

The elastic scattering differential cross sections have also been computed for momenta lower
than those in the available datasets. These projections help assess the feasibility and limitations
of future experiments on nuclear scattering. For all the considered targets, distinguishing nuclear
elastic scattering effects from Coulomb interactions becomes experimentally challenging below
50 MeV/c. Therefore, future experiments should prioritize momenta above 50 MeV/c for nuclear
interaction studies.

4. Future Developments

To enhance the accuracy and applicability of our model, we propose:

1. Improving computational efficiency and precision in parameter fitting. (The fitting procedure
occasionally fails to converge. Possible causes include an unsuitable model for the data, high
correlation between parameters, an inadequate choice of initial parameter values).
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Figure 4: Antiproton annihilation cross-section data with curves calculated using the best-fit results from
the analysis of elastic data at 300 MeV/c (left) and 607.9 MeV/c (right).

2. Exploring alternative parameterizations, such as:

• Scattering length approach [13].

• Momentum-dependent potentials [12].

3. Implementing a global fitting strategy that optimally combines elastic and annihilation cross-
sections via 𝜒2 minimization.

5. Conclusion

This work presents an optical potential analysis of low-energy antiproton-nucleus interactions
using data from LEAR and AD experiments. Our results show good agreement with experi-
mental observations while indicating significant momentum dependence in the derived potential
parameters. Future studies should focus on refining theoretical models and conducting additional
experiments at suitable momentum ranges to enhance our understanding of nuclear interactions.
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