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[bookmark: _heading=h.cfaoxgou0yc6]1 Abstract
Accurate information about γ-ray emission cross sections is crucial for understanding neutron interactions with nuclei. This work presents the development of a program for recursive computation of γ-transition cross sections using branching ratios and data of excited states formation in various neutron-induced reactions available in evaluated nuclear data libraries. In this work different codes for processing of nuclear data in the ENDF-6 format have been tested.

[bookmark: _heading=h.e3psp2fijs4j]2 Introduction
A vast amount of evaluated nuclear data (END) has been collected by the scientific community, including libraries such as ROSFOND, ENDF, JEFF, JENDL, and CENDL [1-5]. It is important for systematizing and processing experimental data related to nuclear physics and engineering, containing information on scattering and reaction cross sections, nuclear structure, and decay parameters. Their accuracy must be carefully verified. The 48Ti isotope was chosen for analysis due to its large γ-ray emission cross section, high availability, and relative cost-effectiveness for producing homogeneous, impurity-free samples, making it suitable as a calibration standard for monitoring of fast neutron fluxes.
To measure γ-ray spectra and neutron-induced reaction cross sections, the Frank Laboratory of Neutron Physics at JINR developed the TANGRA (TAgged Neutrons and Gamma RAys) setup. The TANGRA collaboration focuses on detailed studies of reactions induced by neutrons with energies around 14 MeV and it is interested in comparison of the obtained data with available evaluations. As part of my internship, I worked on processing END data to obtain cross sections of cascade γ-transitions.
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[bookmark: _heading=h.je0fbjry136e]3 Main Work
The main work of this study is conducted within the framework of testing nuclear data processing libraries TalysLib [6] and EndfParserPy [7] for extraction of the content of the ENDF-6. ENDF-6 is the formatted files for consequent calculation of the γ-ray emission cross-sections.
TalysLib is the ROOT-based library for access to the Talys database and calculations, developed as part of the TANGRA project.
EndfParserPy is the class from the endf-parserpy package that allows reading and writing data in the ENDF-6 format.

[bookmark: _heading=h.i488eroqzsek]3.1 Extraction of the γ-ray cross-sections for transitions from continuum
To obtain cross-sections of γ-quanta emission in transitions from continuum states from the ENDF-6 format the EndfParserPy library was used. Its functions were used to extract detailed data for various MT=91 reactions, which are responsible for the continuous γ-ray spectrum within MF=6. The extracted data included discrete energy points, corresponding cross sections and branching ratios, which were subsequently processed to construct the full energy-angular distributions at various energies of incident neutrons.
[image: ][image: ]
Figure 1. Dependence of cross section on energy of the emitted γ-quantum at incident neutron energy of 14 MeV, obtained by the algorithm (left) and from JANIS WEB (right).
In both cases, the underlying nuclear data were sourced from the ENDF/B-VIII library [8]. Comparison indicates a good agreement between the generated distributions and the reference, validating the correctness of the data extraction and processing algorithm.

[bookmark: _heading=h.tpsjmr299qok]3.2 Calculation of γ-ray emission cross-sections with γ-cascades
The calculation of reaction characteristics related to the excitation of individual TALYS levels requires additional information about their energies, spins, and parities, which can be obtained from evaluated nuclear data or calculated using various microscopic approaches. The computation of γ-ray emission cross sections  for transitions from level i to level j requires accounting for cascade γ-transitions and branching ratios , which are not measured for all known levels. The calculation of  is performed using the formula:
 + 							(1)
Where  – is the cross section of the γ-transition from level i to level j,
 – is the branching ratio (probability) for this transition,
 – is the total excitation cross section of level i in a binary reaction. 
 – cross-section of the level population by gamma-transitions from continuum states.
The index  corresponds to the level number in the γ-transition cascade leading to the excitation of level i.
In practice, the calculation of  is performed recursively: starting from the highest excited levels, the program takes into account branching ratios and calculates the contribution for cascades leading to lower levels .
The function implementing this algorithm is presented in Appendix 2.

[bookmark: _heading=h.svv8vsv7sj8n]3.3 Testing of libraries for nuclear data extraction
The first step was to perform a level-by-level comparison of the results obtained from the user libraries TalysLib and EndfParserPy based on ENDF/B-VIII data for the isotope 48Ti.
[image: ]
Figure 2. Comparison of cross sections obtained directly from the TalysLib and the EndfParserPy without using formula (1).
After performing the channel-by-channel comparison, discrepancies between the results of the TalysLib and the EndfParserPy for most levels became evident. While EndfParserPy consistently reproduces the expected cross sections in accordance with the ENDF/B-VIII, TalysLib shows deviations that are likely associated with incorrect reading of level cross sections in binary reactions.

[bookmark: _heading=h.bczku1jq7atb]3.4 Cascade CS dependence on neutron energy
The next objective was to construct the dependence of γ-transition cross sections on the energy of incident neutrons for cascade reactions using formula (1), and to compare the resulting curves with values obtained directly from the ENDF/B-VIII.
[image: ]
Figure 3. Dependence of the reaction cross section on the energy of the incident neutron, obtained using the recursive function (blue and green lines) and without it (red and black lines).
The difference between the TalysLib Cascade and the ENDF Cascade graphs lies in the method used to obtain the level cross sections, which were subsequently substituted into formula (1). The deviations in the graphs and abnormal “peak” at 4 MeV confirm the presence of an error in reading cross sections from the ENDF/B-VIII.

[bookmark: _heading=h.am27ldi830iw]3.5 Continuum CS dependence on neutron energy
For the purposes of File 6 from the ENDF/B-VIIII, any reaction is defined by giving the production cross section for each reaction product in barns/steradian assuming azimuthal symmetry:
				(2)
where:
i denotes one particular product,
E is the incident energy,
 is the energy of the product emitted with cosine μ,
(E) is the interaction cross section,
 is the product yield or multiplicity for particle i (although, for fission, this interpretation depends on the JP flag below), and  is:
				(3)
where:
NA is the amount of angular parameters,
LANG is the indicator which selects the angular representation to be used,
LAW Flag to distinguish between different representations of the distribution function,  [8],
NEP is the amount of secondary energy points in the distribution,
ND is the amount of discrete energies given. The first ND≥0 entries in the list of NEP energies are discrete, and the remaining (NEP-ND)≥ 0 entries are to be used with LEP to describe a continuous distribution.
In the data for the isotope 48Ti, parameter LANG = 1 (Legendre coefficients are used), and parameter LAW = 1, NA = 0 (isotropic distributions), which was verified using EndfParserPy. Also, due to the specifics of the File 6, the  presented in formula (3) is denoted by the letter b.
The sum from formula (3) was represented by a single term:
				(4)
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Figure 4. Dependence of continuum CS on the energy of incident neutron.
The obtained graphs qualitatively match; however, the order of magnitudes does not coincide. During the calculation of the cascade cross sections by the program, a condition was applied that discards the first ND lines, which correspond to discrete lines. It is likely that in this case, incorrect reading occurs with the EndfParserPy methods.

[bookmark: _heading=h.h5xfoq9ciayv]4 Conclusions
Development and testing of the software for recursive calculation of γ-ray emission cross sections, accounting for cascade transitions and branching ratios, demonstrated on the 48Ti isotope have been performed. The accuracy of data extraction from the ENDF/B-VIII library was shown to have the direct impact of the cross section calculations, as confirmed by comparing results from the TalysLib and the EndfParserPy.
Level-by-level comparison revealed significant discrepancies, with EndfParserPy reliably reproducing the ENDF/B-VIII data, while TalysLib exhibited systematic deviations likely due to incorrect reading of cross sections in binary reactions. Analysis of the neutron energy dependence highlighted errors in the TalysLib's data handling, evidenced by anomalous peaks in the graphs. This study underscores the critical need for rigorous validation of nuclear data processing tools to ensure reliable reaction modeling.
Future work will focus on refining data extraction algorithms, addressing identified inconsistencies, and expanding the approach to other isotopes and reaction types to further enhance the precision of cascade γ-transition cross section calculations.
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Appendix 1. Python function for constructing level-by-level dependence of the cross section on the energy of the incident neutron using TalysLib methods and direct extraction from MF3.
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Appendix 2. Python function for calculating cascade cross sections using TalysLib methods on the example of the ENDF/B-VIII library.
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def Recursion ENDF(k, product, rec, EnergyNeutron):
1 = product.Levels[k]
ENDFGr = 1.GetCSGraph("ENDF")

if not ENDFGr or ENDFGr.GetN() == 0:
return 0.0

xmin = ENDFGr.GetPointX(0)
xmax = ENDFGr.GetPointX(ENDFGr.GetN() - 1)
sum_val = 1.GetCSGraph("ENDF").Eval(EnergyNeutron)

if EnergyNeutron <= xmin or EnergyNeutron >= xmax or sum_val < 0:
return 0.0

for gamma in 1.GammasToThisLevel:
if gamma.Branching ==

continue

if not gamma.flLevel.GetCSGraph("ENDF"):
continue

if gamma.flLevel.TalysCS <= 0:
continue

sum_val += gamma.Branching * Recursion_ ENDF(gamma.flLevel.Number, product, rec, EnergyNeutron)
rec[k] = sum_val
return sum val
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