Pis’ma v ZhETF, vol. 122, iss. 3, pp. 133 – 135 © 2025 August 10

Analysis of astrophysical^{30}Si(n, γ)^{31}Si reaction via the asymptotic normalization coefficient method

A. I. Kilic^{1)}

TÜBİTAK Research Institute for Fundamental Sciences, Bariş Mahallesi, Dr. Zeki Acar Caddesi, 41470 Gebze, Kocaeli, Turkey

Department of Physics, Eskişehir Osmangazi University, Meşelik Campus, 26480 Eskişehir, Turkey

Submitted 19 May 2025 Resubmitted 27 June 2025

Accepted 27 June 2025

This study investigates the^{30}Si(n, γ)^{31}Si astrophysical reaction using the Asymptotic Normalization Coefficient (ANC) method. The squared neutron asymptotic normalization coefficients (ANCs), for the virtual decay^{31}Si →^{30}Si + n are extracted by reanalyzing the existing angular distributions of the^{30}Si(d, p)^{31}Si reaction at 12.5 MeV. Both the Distorted Wave Born Approximation (DWBA) and Adiabatic Distorted Wave Approximation (ADWA) models are applied to refine the analysis. The results show improved ANC values compared to previous DWBA calculations. The squared neutron asymptotic normalization coefficient (ANC), for the ground state is found to be 32.49 ± 6 fm^{−1} with DWBA and 31.45 ± 6 fm^{−1} with ADWA. Additionally, the direct capture (DC) reaction rate was calculated and compared with previous work. The results show good agreement with the literature, with minor deviations at higher temperatures, highlighting the importance of the DC process in the^{30}Si(n, γ)^{31}Si reaction. This work emphasizes the crucial role of neutron capture reactions in the formation of the weak s-process component in stars and provides new insights into reaction rates and cross-sections.

DOI: 10.31857/S0370274X25080018, EDN: RQDUSM

Astrophysical importance of the 30Si(n, γ)^{31}Si reaction. The^{30}Si(n, γ)^{31}Si reaction plays a crucial role in the weak s-process, contributing to the synthesis of heavier nuclei during carbon and neon burning phases in massive stars [1, 2]. Neutron captures on^{30}Si affect silicon isotopic abundances and impact galactic chemical evolution models [3]. Presolar SiC grains extracted from meteorites exhibit isotopic ratios that reflect the nucleosynthesis of the s-process [4, 5]. These data provide valuable constraints on stellar models. In particular, AGB star simulations [6] support a reduced neutron capture cross section for^{30}Si as proposed by Guber et al. [7], who demonstrated the absence of the previously assumed 2.235 keV resonance. This finding implies that the direct capture (DC) component could play a more significant role than previously thought, reinforcing the need for updated reaction rate calculations.

DWBA and ADWA calculations. To investigate the structure of^{31}Si, we reanalyzed the^{30}Si(d, p)^{31}Si reaction at E_d = 12.5 MeV [8] using the Distorted Wave Born Approximation (DWBA) [9] and the Adia-

1)e-mail: aliihsankilic@gmail.com

batic Distorted Wave Approximation (ADWA) [10, 11]. Although DWBA is widely used for transfer reactions, it does not account for deuteron breakup, which can influence the peripheral nature of the reaction. ADWA incorporates this effect, offering a more accurate treatment, especially at low energies. Angular distributions for the ground and first excited states of 31Si were calculated and compared with the experimental data. The good agreement achieved using both DWBA and ADWA confirms the appropriateness of the adopted optical model parameters and reinforces confidence in the extracted nuclear structure information. The similarity between the results from DWBA and ADWA further suggests that the reaction is peripheral and that the influence of deuteron breakup is limited in this case. This justifies the use of either method for extracting Asymptotic Normalization Coefficients (ANCs).

ANC method and extracted values. The Asymptotic Normalization Coefficient (ANC) method provides a powerful tool to determine nuclear overlap functions in the asymptotic region, where the nuclear potential vanishes and only long-range forces act [12]. This makes the ANC approach particularly well suited for indirect studies of capture reactions, especially when

Письма в ЖЭТФ том 122 вып. 3 – 4 2025 133

134 A. I. Kilic

the reaction is peripheral. In this work, neutron ANCs were extracted for the virtual decay^{31}Si →^{30}Si + n by fitting the angular distributions of the^{30}Si(d, p)^{31}Si reaction using DWBA and ADWA. For the ground state (J^π = 3/2^+), the squared ANC values were C^2 = 32.49 ± 6 fm^{−1} (DWBA) and 31.45 ± 6 fm^{−1} (ADWA). For the first excited state at E_x = 0.752 MeV (J^π = 1/2^+), the values were significantly lower: C^2 = 3.12 ± 0.4 fm^{−1} (DWBA) and 2.85 ± 0.4 fm^{−1} (ADWA). The consistency between the DWBA and ADWA results confirms the peripheral character of the transfer reaction and the robustness of the extracted ANC values. These values serve as reliable input for calculating the DC component of the^{30}Si(n, γ)^{31}Si reaction rate.

DC reaction rate calculation. To determine the 30Si(n, γ)^{31}Si reaction rate at astrophysical energies, we employed a potential model calculation [13] normalized to the extracted ANC values. Because the reaction is peripheral at low energies, the capture cross section depends mainly on the asymptotic part of the nuclear overlap function, making the ANC method ideal for calculating the DC component in a model-independent way. The capture cross sections were computed by folding the overlap function with the neutron wave function, and the resulting rates were obtained by convolution with a Maxwell–Boltzmann distribution. The calculated reaction rates show good agreement with existing MACS data [14], particularly at low stellar temperatures (T_9 < 0.5), where DC dominates over potential resonant contributions [13]. The calculated DC reaction rates are in good agreement with the literature. The comparison of reaction rates obtained in this work and from the literature is shown in Fig. 1.

Fig. 1. (Color online) Comparison of reaction rates for 30Si(n, γ). The red solid line represents the results of this work, the blue dotted line corresponds to [14], and the gray shaded area indicates the uncertainty range

Conclusion. This study demonstrates the effectiveness of the ANC method, combined with DWBA and ADWA, in reliably extracting nuclear structure information relevant to neutron capture processes. The consistent ANC values derived for the ground and first excited states of^{31}Si validate the peripheral nature of the 30Si(d, p)^{31}Si reaction and justify their use in DC cross section calculations.

The resulting^{30}Si(n, γ)^{31}Si reaction rates support previous findings at low stellar temperatures and provide improved constraints for stellar nucleosynthesis models. These findings highlight the role of^{30}Si in the weak s-process and emphasize the importance of indirect methods in modern nuclear astrophysics.

Funding. This research received no external funding.

Conflict of interest. The authors of this work declare that they have no conflicts of interest.

1. S. E. Woosley and T. A. Weaver, The Astrophysical Journal Supplement Series 101, 181 (1995).

2. M. Pignatari, R. Gallino, M. Heil, M. Wiescher, F. Käppeler, F. Herwig, and S. Bisterzo, Astrophys. J. 710, 1557 (2010);

DOI: 10.1088/0004-637X/710/2/1557.

3. R. C. Pardo, R. G. Couch, and W. D. Arnett, Astrophys.

J. 191, 711 (1974); DOI: 10.1086/152953.

4. S. Palmerini, M. Busso, D. Vescovi, R. Trippella, S. Cristallo, and L. Piersanti, Astrophys. J. 921(1), 7 (2021).

5. L. R. Nittler and F. Ciesla, Annu. Rev. Astron. Astrophys. 54, 53 (2016).

6. E. Zinner, L. R. Nittler, and R. Gallino, A. I. Karakas, M. A. Lugaro, O. Straniero, and J. C. Lattanzio, Astrophys. J. 650(1), 350 (2006).

7. K. H. Guber, P. E. Koehler, H. Derrien, J. R. Laverne, T. Rauscher, and A. A. Sonzogni, Phys. Rev. C 67, 062802 (2003); DOI: https://doi.org/10.1103/PhysRevC.67.062802.

8. S. Piskoř, J. Novák, E. Šimečková, J. Cejpek, V. Kroha, J. Dobeš, and P. Navrátil, Nucl. Phys. A 662, 112 (2000);

DOI: https://doi.org/10.1016/S0375-9474(99)00425-X. 9. G. R. Satchler, Direct Nuclear Reactions, International Series of Monographs on Physics, Clarendon Press, Oxford (1983).

10. A. J. Koning and J. P. Delaroche, Nucl. Phys. A 713, 231 (2003);

DOI: https://doi.org/10.1016/S0375-9474(02)01321-0. 11. R. L. Varner, W. J. Thompson, T. L. McAbee, E. J. Ludwig, and T. B. Clegg, Phys. Rep. 201(2), 57 (1991); DOI: https://doi.org/10.1016/0370-1573(91)90039-O.

Письма в ЖЭТФ том 122 вып. 3 – 4 2025

Analysis of astrophysical^{30}Si(n, γ)^{31}Si reaction. . . 135

12. A. M. Mukhamedzhanov, C. A. Gagliardi, and R. E. Tribble, Phys. Rev. C 63, 024612 (2001); DOI: https://doi.org/10.1103/PhysRevC.63.024612.

13. A. M. Mukhamedzhanov, V. Burjan, M. Gulino, Z. Hons, V. Kroha, M. McCleskey, J. Mrázek, N. Nguyen, F. M. Nunes, Š. Piskor, S. Romano,

M. L. Sergi, C. Spitaleri, and R. E. Tribble, Phys. Rev. C 84, 024616 (2011).

14. H. Beer, P. V. Sedyshev, W. Rochow, T. Rauscher, and P. Mohr, Nucl. Phys. A 709(1–4), 453 (2002); DOI: https://doi.org/10.1016/S0375-9474(02)01030-8.

Письма в ЖЭТФ том 122 вып. 3 – 4 2025