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Abstract 

 

Accurate neutron-capture cross sections are essential for activation analysis, reactor physics, fusion 

technology, dosimetry, and nuclear fuel-cycle applications. However, their determination is affected 

by experimental uncertainties and by the nuclear models adopted in theoretical calculations. This 

thesis investigates these aspects through an experimental study of gold activation and a broader 

analysis of selected neutron radiative-capture reactions. The overall aim of this work is to compare 

experimental information with nuclear-model predictions and to identify the main sources of model 

spread. 

The experimental study focused on the ¹⁹⁷Au(n,γ)¹⁹⁸Au reaction. Two gold foils were irradiated using 

Am–Be neutron sources and measured with NaI(Tl) and LaBr₃(Ce) scintillation detectors. The 

induced activity was determined from the 411.8 keV gamma emission of ¹⁹⁸Au, leading to an effective 

cross-section estimate of 8.12 ± 1.71 mb at a representative neutron energy of about 4.2 MeV.  

The analysis was then extended to the ⁵¹V(n,γ)⁵²V, ¹⁰³Rh(n,γ)¹⁰⁴Rh, ²⁰⁹Bi(n,γ)²¹⁰Bi, and ²³²Th(n,γ)²³³Th 

reactions. EXFOR measurements were compared with evaluated nuclear data libraries and TALYS 

calculations obtained using different Level Density and Photon Strength Function models. Restricted 

chi-square, empirical covariance, and sensitivity analyses were used to quantify agreement and 

identify the origin of the model spread. 

The experimental value obtained for ¹⁹⁷Au is close to the mean TALYS prediction at the representative 

neutron energy. For several reactions, the largest model spreads were mainly associated with a few 

TALYS combinations clearly separated from the others. However, the reliability of neutron capture 

predictions is strongly dependent on both isotope and energy, showing that experimental results, 

evaluated libraries, and model calculations should be treated as complementary sources of 

information. 
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Chapter 1 – Neutron Activation of ¹⁹⁷Au  

 

1.1 Introduction 

In neutron activation analysis, a sample is irradiated with neutrons, and some of its nuclei are 

converted into radioactive products. The radiation emitted by these products can then be measured to 

determine the activity induced in the sample [1]. 

Natural gold was selected as the activation material because of the favourable neutron-capture 

properties of ¹⁹⁷Au. 

When a neutron is captured, the excited compound nucleus ¹⁹⁸Au* is formed. It promptly de-excites 

through gamma emission, producing radioactive ¹⁹⁸Au:  

 

Au79
197  + n → Au79

198 * → Au79
198  + γ 

 

Radioactive ¹⁹⁸Au then undergoes β⁻ decay to excited states of ¹⁹⁸Hg. During this process, a neutron 

is converted into a proton with the emission of an electron (β⁻) and an antineutrino (v̅): 

n → p + β⁻ +  v̅ 

This process increases the atomic number from 79 to 80, leading to the formation of mercury (¹⁹⁸Hg), 

while the mass number remains unchanged [2]. 

 

 

Table 1 — Main decay data of ¹⁹⁸Au produced by the ¹⁹⁷Au(n,γ)¹⁹⁸Au activation reaction [2]. 

 

The daughter nucleus ¹⁹⁸Hg is often produced in an excited state and subsequently de-excites through 

the emission of gamma radiation. The overall decay process can therefore be summarized as: 

 

Au79
198 →  Hg80

198  + β⁻ + v̅ + γ 

 

Half-life Eγ (keV)  Iγ (%) Decay scheme

197
Au(n,γ)

198
Au 2.6941 d (2) 411.80205 (17) 95.62 β-

Decay data
Reaction
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The most prominent gamma line at 411.8 keV is used for activity determination. By measuring this 

gamma emission, it is possible to quantify the induced activity in the gold foil. 

Figure 1 shows the decay scheme of ¹⁹⁸Au as reported in NuDat. The radionuclide decays by 

β− emission to excited states of ¹⁹⁸Hg, which subsequently de-excite by gamma emission.  

The decay scheme reported in NuDat is reproduced in Figure 1 [2]: 

 

  

Figure 1 – Decay scheme of Au 79
198 to Hg80

198 , showing the main β⁻ branches and gamma transitions. 

Reproduced from NuDat3.0/ENSDF, National Nuclear Data Center [2]. 

 

1.2 Objective of the Experiment 

The experiment was designed to activate natural gold foils through the ¹⁹⁷Au(n,γ)¹⁹⁸Au reaction and 

measure the resulting ¹⁹⁸Au activity by gamma-ray spectrometry. Two gold foils were irradiated in 

two different neutron sources for approximately the same irradiation time, calculated individually for 

each foil. Then, the activated foils were measured using two different gamma detectors. For each foil, 

three activity measurements were performed with the first detector and two with the second one. The 

detector efficiencies at 411.8 keV were estimated from calibration measurements performed with 

¹³³Ba, ¹³⁴Cs, and ¹³⁷Cs sources. 

The final objective of the experimental part was to determine the experimental cross section for the 

¹⁹⁷Au(n,γ)¹⁹⁸Au reaction using the measured activity and the estimated neutron flux. 
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1.3 Details of the Experiment 

1.3.1 Setup 

The experiment was carried out using two ²⁴¹Am–Be neutron sources with activities of 185 GBq and 

92.5 GBq, respectively. In this type of source, alpha particles emitted by ²⁴¹Am interact with beryllium 

and produce neutrons through an (α,n) reaction [3].  

Two natural gold foils were used as activation samples due to their high neutron capture cross-section. 

Each foil was placed on the external surface of a different source holder and irradiated for 

approximately two days.  After irradiation, the activated foils were removed and their gamma 

emission was measured using two different gamma-ray detectors.  

The gamma measurements were performed using two scintillation detectors: NaI(Tl) and LaBr₃(Ce). 

In a scintillation detector, the energy deposited by incident ionizing radiation produces light photons 

within the scintillator material. These photons are subsequently converted into electrical pulses by a 

photosensitive device, traditionally a photomultiplier tube. NaI(Tl) is a widely used scintillation 

material with good gamma-ray detection efficiency, although its energy resolution is relatively 

limited. LaBr₃(Ce), though, provides improved energy resolution, slightly higher detection efficiency, 

and a faster scintillation response compared with NaI(Tl) [4].  

Their performance at the 411.8 keV gamma line is compared in Section 1.3.5. 

The gamma spectra were acquired and analysed using the “Gamwin” software.  

 

 Figure 2 – Experimental equipment used in the activation measurements: (a) shielded irradiation setup 

housing the Am–Be neutron source, (b) LaBr₃(Ce) detector, and (c) NaI(Tl) detector. 
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1.3.2 Procedure 

Before irradiation, each natural gold foil was identified and stored in a labelled plastic envelope. One 

of the activation samples prepared for the experiment is shown in Figure 3. 

 

Figure 3 – One of the natural gold foils used as an activation sample, stored in its labelled plastic envelope 

 

The gold foils were irradiated in the neutron sources for a period of approximately two days. The 

irradiation started on March 4th, 2026, at 15:54 and 16:01 for the two foils, respectively, and ended 

on March 6th, 2026, at 13:30 and 14:16. The irradiation time 𝑡𝑖𝑟𝑟 was calculated individually for each 

foil based on the recorded start and end times. 

After irradiation, the foils were removed from the neutron sources and transferred to the measurement 

setup. For each acquisition, the cooling time tcool was defined as the interval between the end of 

irradiation and the start of the measurement. 

The gamma spectra of the activated foils were acquired using two detectors. For each foil, multiple 

measurements were performed in order to improve the statistical reliability of the results. In particular, 

three measurements were carried out using the first detector, while two measurements were performed 

using the second detector. 

Each acquisition was performed with a live time greater than 600 s. 

All gamma measurements were performed using the same measurement geometry. Both the activated 

gold foils and the calibration sources were placed on a plastic support positioned on the detector, 

corresponding to an approximate source-detector distance of 1 cm. 
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1.3.3 Measurements 

For each measurement, the following parameters were recorded from the Gamwin software: energy 

of the selected gamma peak, live time, real time, dead time, gross area, background area, net area, 

and the associated uncertainty. The net peak area was used for the subsequent calculation of the 

activity. 

 

1.3.4 Data processing of gamma spectra 

The analysis of the gamma spectra was performed using the Gamwin software. The region of interest 

around the 411.8 keV peak was manually selected by defining appropriate left and right boundaries. 

The peak was identified using the “Peak Search → Manually” function. 

The net peak area was determined using the “Peak Area” function, while the peak shape was fitted 

using a Gaussian function through the “Peak Fit” tool [5].  

The selected region of interest and the fitted 411.8 keV peak are shown in the representative spectra 

reported in Figure 4. 

 

    

a)                                                                                          b)             

Figure 4 – Representative gamma spectra acquired and analysed in Gamwin for the gold foil irradiated in the 

higher-activity neutron source, measured with (a) the NaI(Tl) detector and (b) the LaBr₃(Ce) detector. The 

highlighted region corresponds to the characteristic 411.8 keV gamma peak of ¹⁹⁸Au. 
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1.3.5 Peak resolution of the detectors 

The energy resolution of the detectors was evaluated by analysing the width of the gamma peak 

corresponding to the main emission of  ¹⁹⁸Au, located at approximately 411.8 keV [2]. The resolution 

was defined as: 

𝑅 =
FWHM

𝐸
 

 

where FWHM is the full width at half maximum of the peak and 𝐸 is the measured peak energy. 

The FWHM values were obtained from the Gaussian fitting of the gamma peaks performed in 

Gamwin. Figure 4 shows representative spectra of the gold foil irradiated in the higher-activity 

neutron source and subsequently measured with the two scintillation detectors. The characteristic 

411.8 keV peak of ¹⁹⁸Au is clearly visible in both spectra. However, the peak recorded with the 

LaBr₃(Ce) detector is visibly narrower than that obtained with the NaI(Tl) detector, providing a direct 

qualitative indication of its better energy resolution. 

The quantitative resolution results obtained from all the analysed spectra are reported in Table 2. 

 

 

Table 2 – Peak-resolution results obtained from the Gamwin analysis of the activated gold-foil spectra, 

showing the FWHM and relative FWHM values for each measurement and detector 

 

Detector 1, corresponding to the NaI(Tl) detector, has an average relative energy resolution of 

approximately 11.7%, whereas Detector 2, corresponding to the LaBr₃(Ce) detector, provides an 

improved average resolution of approximately 6.77%. These results are consistent with the visibly 

broader ¹⁹⁸Au peak observed for NaI(Tl) and the narrower peak obtained with LaBr₃(Ce) [4]. 

Peak Resolution

Au Foil Detector Meas. # FWHM [keV] FWHM rel. [%] Detector
FWHM rel. (Average 

val. )[%]

Foil 1 1 1 47.75 11.79 1 11.70

Foil 1 1 2 47.49 11.72 2 6.77

Foil 1 1 3 47.78 11.79

Foil 1 2 1 29.04 6.96

Foil 1 2 2 27.49 6.57

Foil 2 1 1 46.93 11.58

Foil 2 1 2 47.73 11.77

Foil 2 1 3 46.89 11.57

Foil 2 2 1 24.29 5.8

Foil 2 2 2 32.28 7.74

Peak Resolution
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The improved energy resolution of the LaBr₃(Ce) detector allows more accurate peak identification 

and background separation, which improves the reliability of the net peak-area determination and the 

resulting activity calculation. 

 

1.3.6 Efficiency calibration of the detectors 

The activity calculation required the full-energy peak efficiency of each detector at the 411.8 keV 

gamma line of ¹⁹⁸Au. 

The efficiency calibration was performed using these sealed gamma-ray sources: 

-¹³³Ba (initial activity 3.38 kBq, T1/2 = 10.53 yrs, and date of manufacture = 30/09/2014); 

-¹³⁴Cs (initial activity 300.40 kBq, T1/2 = 2.06 yrs, and date of manufacture = 01/02/2015); 

-¹³⁷Cs (initial activity 16.63 kBq, T1/2 = 30.01 yrs, and date of manufacture = 01/02/2015). 

The reference activities and reference dates were taken from the source. The radionuclide half-lives, 

gamma-ray energies, and emission probabilities used in the calculations were obtained from NuDat 

[2]. 

 

 

Figure 5 – Calibration sources used for efficiency determination (¹³³Ba, ¹³⁴Cs, ¹³⁷Cs) 

 

These reference sources provide well-characterized gamma emissions in the energy region 

surrounding the 411.8 keV line of interest. In particular, the selected calibration lines were 

approximately 356 keV for ¹³³Ba, 605 keV for ¹³⁴Cs, and 662 keV for ¹³⁷Cs.  

Each calibration source was measured with both detectors, providing a separate efficiency value for 

each detector. The efficiency 𝜀(𝐸𝛾) at a given gamma energy was calculated using the following 

relation: 



8 

 

𝜀(𝐸𝛾) =
𝑁

𝐴(𝑡) 𝐼𝛾 𝑡𝑙𝑖𝑣𝑒
 

 

where 𝑁 is the net peak area, 𝐴(𝑡) is the activity of the source at the time of measurement, 𝐼𝛾 is the 

emission probability of the gamma line, and 𝑡𝑙𝑖𝑣𝑒 is the live time of the acquisition. 

The activity of each source at the measurement time was obtained by applying radioactive decay 

correction: 

𝐴(𝑡) = 𝐴0 𝑒
−𝜆Δ𝑡 

 

where 𝐴0 is the reference activity provided by the manufacturer, 𝜆 is the decay constant, and Δ𝑡 is the 

elapsed time between the reference date and the measurement date. 

For each energy point, two efficiency values were obtained, one for each detector. The resulting 

efficiency values were then plotted as a function of energy. 

In order to estimate the detector efficiency at 411 keV, a second-order polynomial interpolation was 

performed using the three available calibration points. The interpolation was carried out using the 

Lagrange polynomial formulation, which provides a quadratic function passing exactly through the 

known data points. 

The interpolated efficiency was calculated according to: 

 

𝜀(𝐸) = 𝜀1

(𝐸 − 𝐸2)(𝐸 − 𝐸3)

(𝐸1 − 𝐸2)(𝐸1 − 𝐸3)
+ 𝜀2

(𝐸 − 𝐸1)(𝐸 − 𝐸3)

(𝐸2 − 𝐸1)(𝐸2 − 𝐸3)
+ 𝜀3

(𝐸 − 𝐸1)(𝐸 − 𝐸2)

(𝐸3 − 𝐸1)(𝐸3 − 𝐸2)
 

 

where 𝐸1, 𝐸2, and 𝐸3 are the gamma energies of the calibration sources, and 𝜀1, 𝜀2, and 𝜀3 are the 

corresponding efficiencies. 

The efficiency at the energy of interest was obtained by evaluating the polynomial at 411.8 keV and 

then used in the activity calculation for the irradiated gold foils. 

The resulting efficiency curves for both detectors are shown in Figure 6: 
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Figure 6 – Efficiency curves of Detector 1 and Detector 2 as a function of gamma energy, including the 

interpolated value at 411 keV. 

 

1.3.7 Activity determination of ¹⁹⁸Au 

The induced activity of the irradiated gold foils was determined from the measured gamma spectra 

by analysing the dominant 411.8 keV gamma emission of ¹⁹⁸Au [2]. 

The activity was calculated taking into account the detector efficiency, the emission probability of the 

gamma line, and the corrections for decay during cooling and measurement. The activity at the end 

of irradiation was obtained using the following expression:    

𝐴𝐸𝑂𝐼 =
𝑁 ⋅ 𝜆 ⋅

𝑡𝑟𝑒𝑎𝑙

𝑡𝑙𝑖𝑣𝑒

𝜀(𝐸𝛾) ⋅ 𝐼𝛾 ⋅ 𝑒−𝜆𝑡𝑐𝑜𝑜𝑙 ⋅ (1 −  𝑒−𝜆𝑡𝑟𝑒𝑎𝑙)
 

Where: 

N is the net peak area, 

𝜀(𝐸𝛾) is the detector efficiency at 411 keV, 

𝐼𝛾 is the gamma emission probability, 

𝜆 is the decay constant of ¹⁹⁸Au, 

𝑡𝑙𝑖𝑣𝑒 is the live time of the measurement, 

𝑡𝑟𝑒𝑎𝑙 is the real time of the measurement, 

𝑡𝑐𝑜𝑜𝑙 is the cooling time between the end of irradiation and the start of the measurement. 

The decay constant lambda was calculated from the half-life of Au-198 as: 

𝜆 =
ln 2

𝑇1/2
 

The net peak area N was obtained from the Gamwin software by fitting the 411 keV peak with a 

Gaussian function and subtracting the background contribution [5].  
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Several activity values were obtained for each foil, since three measurements were performed with 

Detector 1 and two with Detector 2. The final activity of each foil was determined by averaging the 

values obtained from the repeated measurements. The consistency between the results obtained with 

the two detectors was also used as a validation of the measurement and data processing procedure. 

 

1.3.8 Neutron flux estimation from the Am–Be source 

The neutron flux at the position of the gold foils was estimated from the activity of the Am–Be source. 

Since the ²⁴¹Am activity decreases with time due to radioactive decay, its value at the irradiation date 

was first calculated. 

The activity was corrected using the radioactive decay law: 

𝐴(𝑡) = 𝐴0𝑒−𝜆Δ𝑡 

 

where 𝐴0 is the initial activity of the source, 𝜆 is the decay constant of ²⁴¹Am, and Δ𝑡 is the elapsed 

time between the reference date and the measurement date. The decay constant was calculated as: 

𝜆 =
ln 2

𝑇1/2
 

 

with a half-life 𝑇1/2 of 432.6 years for ²⁴¹Am [2]. 

 

The neutron emission rate was estimated from the activity of the ²⁴¹Am–Be source according to: 

𝑆 = 𝐴(𝑡) ⋅ 𝑌 

where A(t) is the activity of the ²⁴¹Am source at the irradiation date and Y is the neutron yield per unit 

activity. A typical neutron yield of 2.2 × 10⁶ n s⁻¹ Ci⁻¹, corresponding to approximately 5.95 × 10⁻⁵ n 

s⁻¹ Bq⁻¹, was adopted from the literature [6]. Since the reported value represents a typical yield for 

Am–Be sources rather than a certified emission rate for the specific sources used in the experiment, 

the resulting neutron source strength and flux should be regarded as approximate estimates. 

The neutron flux at a distance 𝑟 from the source was estimated using: 

𝜙 =
𝑆

4𝜋𝑟2
 

 

where 𝜙 is the neutron flux expressed in n cm−2s−1, and 𝑟 is the distance between the source and the 

foil position. 
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In this work, a source-to-foil distance of approximately 0.05 cm was assumed. This choice reflects 

the actual experimental configuration, in which the gold foils were positioned on the external lower 

surface of the cylindrical source holder, as close as possible to the neutron source. The active neutron 

source was located inside the cylindrical holder; therefore, the foils were not in direct contact with 

the active material, but were separated from it by the external cover of the source holder and by the 

thin plastic envelope used to contain the foils. 

The effective distance between the active source and the foil cannot be determined precisely, and the 

value of 0.05 cm was adopted as a working assumption. Since this distance is comparable to the 

dimensions of the source assembly, the point-source relation is used at the limit of its range of 

applicability, and the resulting flux is strongly sensitive to the assumed geometry.  

In addition, the neutron field at the sample position was not characterized in this work. 

The sources are housed in a shielded assembly, so the neutron energy distribution reaching the foil 

may differ from the emission spectrum of the bare source. The flux used here is therefore a reference 

value based on the source emission properties, rather than a measured flux at the sample position. 

 

1.3.9 Cross Section Determination 

The experimental cross section of the ¹⁹⁷Au(n,γ)¹⁹⁸Au reaction was determined using the activation 

equation, which relates the induced activity to the neutron flux, the number of target nuclei, the 

reaction cross section, and the saturation factor associated with the irradiation time [7]:  

𝐴𝐸𝑂𝐼 = 𝑁𝑡𝑎𝑟𝑔𝑒𝑡 𝜎 𝜙 (1 − 𝑒−𝜆𝑡𝑖𝑟𝑟)    

The number of gold atoms in each foil was calculated from the foil mass according to: 

𝑁𝑡𝑎𝑟𝑔𝑒𝑡 =
𝑚

𝑀
𝑁𝐴 

 

where 𝑚is the mass of the foil, 𝑀 = 196.97 g mol
−1 is the molar mass of gold, and 𝑁𝐴 =

6.022 × 1023 mol
−1 is Avogadro’s number. 

The activity at the end of irradiation, 𝐴𝐸𝑂𝐼, was used in the calculation. 

The production of ¹⁹⁸Au during irradiation is governed by the decay constant: 

 

𝜆 =
ln 2

𝑇1/2
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where 𝑇1/2 is the half-life of ¹⁹⁸Au. The growth of activity during irradiation is described by the 

saturation factor: 

1 − 𝑒−𝜆𝑡𝑖𝑟𝑟  

 

which accounts for the simultaneous production and decay of the radioactive nuclei. 

The cross section was therefore calculated by rearranging the activation equation: 

𝜎 =
𝐴𝐸𝑂𝐼

𝑁𝑡𝑎𝑟𝑔𝑒𝑡 𝜙 (1 − 𝑒−𝜆𝑡𝑖𝑟𝑟)
 

 

where 𝜙 is the neutron flux previously estimated from the Am–Be source. 

All quantities were expressed in consistent units, resulting in a cross section expressed in cm2. For 

comparison with literature values, the results were subsequently converted into barns using: 

1 barn = 10−24 cm2 

 

Because each foil was measured several times with both detectors, more than one cross-section value 

was obtained for each foil. These values were then averaged to obtain a representative result. 

 

1.4 Results 

1.4.1 Activity 

The results obtained for Foil 1 with Detector 1 show a good internal consistency, with values around 

1470–1490 Bq. The values obtained with Detector 2 are also consistent with each other and lie around 

1240–1255 Bq. A small discrepancy between the results obtained with the two detectors can be 

observed, with Detector 2 providing systematically lower values compared to Detector 1. This 

systematic difference may be associated with uncertainties in the detector-efficiency calibration, 

measurement geometry, and net peak-area determination. 
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Measurement table         

Au Foil  Detector Meas. # A_EOI [Bq] 
A_EOI 

Average 
values 

Foil 1 1 1 1489.6557 

1479.8290 Foil 1 1 2 1471.4612 

Foil 1 1 3 1478.3701 

Foil 1 2 1 1253.5065 
1247.8299 

Foil 1 2 2 1242.1533 

Foil 2 1 1 1127.9612 

1140.3621 Foil 2 1 2 1153.9202 

Foil 2 1 3 1139.2049 

Foil 2 2 1 849.4467 
929.0189 

Foil 2 2 2 1008.5911 

 

Table 3 – Measured activity values of Au-198 for the irradiated gold foils obtained using Detector 1 and 

Detector 2. 

 

The repeatability is good for Foil 1 with both detectors, whereas the two acquisitions of Foil 2 with 

Detector 2 differ by about 17%, indicating a larger scatter in the corresponding determination of the 

net peak-area. This spread is reflected in the uncertainty quoted for the final cross section. 
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1.4.2 Measured Activity vs Time 

 

 

Figure 7 – Measured activity Ameas of Foil 1 as a function of elapsed time from the first acquisition. The 

limited variation of activity reflects the short measurement interval compared to the half-life of Au-198. 

 

The activity values plotted in Figure 7 correspond to the measured activity values, 𝐴𝑚𝑒𝑎𝑠, that is the 

activity at the time of each acquisition, without applying the correction for decay during the cooling 

time. In other words, these values were not referred to the end of irradiation but were left in their 

measured form in order to visualize the temporal evolution of the activated foil during the counting 

sequence. 

However, the resulting trend does not show a clear exponential decrease, and only a limited variation 

of the activity is observed over time. 

This behaviour can be explained by considering the relatively long half-life of ¹⁹⁸Au compared to the 

short time interval between consecutive measurements. The half-life of ¹⁹⁸Au is approximately 2.7 

days [2], corresponding to about 233000 seconds. The decay constant is therefore: 

𝜆 =
ln 2

𝑇1/2
≈

0.693

233000
≈ 2.97 × 10−6   s−1 

To estimate the expected variation of activity over a typical time interval of 10 minutes (𝑡 = 600 s), 

the decay law can be applied: 

𝑒−𝜆𝑡 = 𝑒−2.97×10−6⋅600 ≈ 𝑒−0.00178 ≈ 0.9982 
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This corresponds to a decrease of only: 

(1 − 0.9982) × 100 ≈ 0.18% 

 

Even for longer intervals, such as 𝑡 = 1400s: 

𝑒−𝜆𝑡 ≈ 𝑒−0.00416 ≈ 0.996 

 

which corresponds to a decrease of approximately 0.4%. 

These variations are extremely small compared to the experimental uncertainties associated with the 

activity determination, such as counting statistics, peak fitting, and detector efficiency calibration. As 

a result, the expected decay signal is masked by the experimental scatter of the data. 

Over the duration of the measurement sequence, the expected decrease was too small to be 

distinguished from the experimental scatter. 

 

1.4.3 Experimental Cross Section 

The obtained values show a consistent order of magnitude, lying in the range of approximately 6 to 

10 mb, depending on the foil and the detector considered. 

 

 

Table 4 – Experimental cross-section values of Au-197 for each foil and detector, including average values. 

 

A systematic difference between the two detectors can be observed, with Detector 2 generally 

providing lower cross-section values compared to Detector 1. This discrepancy is consistent with the 

differences previously observed in the activity determination and is likely related to uncertainties in 

the detector efficiency calibration and peak fitting procedure. 

Measurement table

Au Foil Detector Meas. # A_EOI [Bq] σ [cm^2]
σ average 

values [cm^2]
σ [mb]

σ average 

values [mb]

Foil 1 1 1 1489.656 7.2308E-27 7.231

Foil 1 1 2 1471.461 7.142E-27 7.142

Foil 1 1 3 1478.370 7.176E-27 7.176

Foil 1 2 1 1253.507 6.085E-27 6.085

Foil 1 2 2 1242.153 6.029E-27 6.029

Foil 2 1 1 1127.961 1.016E-26 10.165

Foil 2 1 2 1153.920 1.040E-26 10.398

Foil 2 1 3 1139.205 1.027E-26 10.266

Foil 2 2 1 849.447 7.655E-27 7.655

Foil 2 2 2 1008.591 9.089E-27 9.089

7.183

10.276

6.057E-27

8.372

7.1831E-27

6.057

8.372E-27

1.0276E-26
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The cross-section values obtained for the two foils differ by about 40%, Foil 2 giving the higher 

values. This difference is within the overall scatter of the individual determinations, but it suggests a 

residual systematic effect related to the assumed geometry. Since both foils were irradiated using 

sources of the same Am–Be type, the same reference neutron-energy distribution was assumed for 

the two calculations [3]. 

The neutron flux used in the calculation was estimated from the Am–Be source assuming a simplified 

geometrical model and a literature-based neutron yield [6]. As discussed previously, the flux is highly 

sensitive to the assumed source-to-foil distance and to the value of the neutron yield, which introduces 

a non-negligible uncertainty in the final result. 

Additional uncertainties arise from the activity determination, including counting statistics, peak 

fitting, and efficiency calibration, which propagate into the calculated cross section. 

Averaging the ten individual determinations gives 8.12 ± 1.71 mb, where the quoted uncertainty 

represents the standard deviation of the measured values. This value is an effective cross section 

obtained under the flux assumptions described in Section 1.3.8, and its absolute scale depends directly 

on them. It is therefore reported as a reference experimental result rather than as an independent 

absolute measurement, and the comparisons presented in the following sections should be read in this 

sense. 

 

1.5 Comparisons 

1.5.1 Comparison with EXFOR Data and Evaluated Libraries 

The experimental cross section obtained in this work was compared with the available experimental 

measurements retrieved from the EXFOR database [8] and with the evaluated cross sections provided 

by ENDF/B-VIII.0, JEFF-3.3, JENDL-5, TENDL-2023, ROSFOND-2010, and CENDL-3.2 [9-14]. 

For the graphical comparison, the experimental result obtained in this work was associated with a 

representative neutron energy of approximately 4.2 MeV, corresponding to the commonly adopted 

average energy of an Am–Be neutron spectrum [15]. Since the Am–Be source produces a broad 

neutron-energy spectrum, the value represented at 4.2 MeV should be interpreted as an effective 

spectrum-averaged estimate plotted at a representative energy, rather than as a monoenergetic 

differential cross section. 

As shown in Figure 8, the evaluated libraries present a similar decreasing trend with increasing 

neutron energy. The experimental value obtained in this work remains of the same order of magnitude 

as the evaluated-library predictions, although it lies slightly below the main evaluated-library trend 
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in the 4 MeV energy region. This difference may be partly associated with the simplified neutron-

flux estimation, the broad energy distribution of the Am–Be source, and the uncertainties related to 

detector efficiency calibration, peak fitting, and activity determination. 

 

 

Figure 8 – Comparison between the experimental ¹⁹⁷Au(n,γ)198Au  cross-section value obtained in this 

work, EXFOR experimental data [8], and evaluated nuclear data libraries [9-14]. 

 

Since the evaluated-library data and the EXFOR measurements are generally tabulated on different 

energy grids, an interpolation procedure was applied to compare the datasets at the same neutron 

energies. For each EXFOR point, the two adjacent energy values in the evaluated dataset were 

selected. Linear-linear interpolation was used unless a different interpolation law was explicitly 

specified in the evaluated file. When the dataset prescribed log-log interpolation, the interpolation 

was performed in logarithmic energy and cross-section coordinates, consistently with the 

corresponding ENDF interpolation law [16]. 

For linear-linear interpolation, the interpolated library value was calculated as: 

 

𝜎int(𝐸EXFOR) = 𝜎low +
𝜎high − 𝜎low

𝐸high − 𝐸low

(𝐸EXFOR−𝐸low) 
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where 𝐸low and 𝐸high are the adjacent evaluated neutron-energy points, while 𝜎lowand 𝜎highare the 

corresponding cross-section values. For datasets requiring log-log interpolation, the same linear 

relation was applied to ln(𝐸)and ln(𝜎). This preserves the interpolation law specified in the original 

evaluated dataset. 

The relative difference between each interpolated library value and the corresponding EXFOR 

measurement was then calculated as: 

Δrel =
𝜎lib,int − 𝜎EXFOR

𝜎EXFOR
× 100 

 

With this convention, a positive value indicates that the evaluated library overestimates the 

corresponding EXFOR measurement, whereas a negative value indicates an underestimation. The 

interpolated values were then used for the point-by-point comparison with the EXFOR measurements. 

The complete comparison is reported in Appendix A, while a compact statistical summary is provided 

in Table 5. 

 

 

  
Mean relative 

difference [%] 

Mean absolute 

relative 

difference [%] 

Median absolute 

relative 

difference [%] 

ENDF/B-VIII.0 -4.20 9.83 4.98 

JEFF-3.3 -3.85 9.87 4.77 

JENDL-5 0.66 13.36 4.43 

TENDL-2023 -3.94 9.95 5.02 

ROSFOND-2010 -3.85 9.87 4.77 

CENDL-3.2 -4.21 10.38 6.10 

 

 

Table 5 – Statistical summary of the relative differences between EXFOR data [8] and evaluated libraries for 

the ¹⁹⁷Au(n, γ)198Au reaction [9-14]. 

 

The mean relative difference indicates the average bias of each evaluated library with respect to the 

EXFOR dataset, while the mean and median absolute relative differences quantify the overall 

deviation independently of the sign. Among the evaluated libraries, ENDF/B-VIII.0 shows the lowest 
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mean absolute relative difference, indicating the best average agreement with the EXFOR dataset. 

JEFF-3.3, ROSFOND-2010, and TENDL-2023 provide very similar results, with mean absolute 

deviations close to 10%. CENDL-3.2 shows a slightly larger deviation. JENDL-5 has the lowest 

median absolute relative difference, suggesting good agreement for many individual points, but its 

higher mean absolute relative difference indicates the presence of larger local deviations at some 

energies. 

 

1.5.2 Comparison with TALYS Calculations 

The experimental result was also compared with nuclear-reaction calculations performed through the 

TALYSworld online platform [17], which provides a web-based interface for running TALYS 

calculations. Different Level Density and Photon Strength Function models were selected in order to 

investigate the dependence of the calculated ¹⁹⁷Au(n,γ)¹⁹⁸Au cross section on the adopted nuclear-

model inputs. 

The Level Density model describes the number of nuclear states available at a given excitation energy 

and therefore influences the formation and statistical decay of the compound nucleus. The Photon 

Strength Function describes the average probability of gamma-ray emission during nuclear de-

excitation. Since the ¹⁹⁷Au(n,γ)¹⁹⁸Au reaction proceeds through neutron capture followed by gamma 

emission, both model inputs can directly affect the calculated capture cross section [18]. A brief 

summary of the TALYS Level Density and Photon Strength Function options considered in this work 

is reported in Appendix B. 

As shown in Figure 9, the different TALYSworld calculations lead to significantly different cross-

section predictions, especially in the energy region of a few MeV. Among the model combinations 

considered, the experimental value obtained in this work lies closest to the LD2-based calculations, 

particularly the LD2–PSF1, LD2–PSF2, and LD2–PSF3 combinations. This indicates that the local 

agreement with the experimental point depends strongly on the selected Level Density model. 

 



20 

 

 

Figure 9 – Comparison between the experimental ¹⁹⁷Au(n,γ)¹⁹⁸Au cross section obtained in this work, the 

available EXFOR measurements [8], and TALYSworld calculations performed using different Level Density 

and Photon Strength Function models [17],[18]. 

 

The LD1-based calculations predict higher cross sections than the experimental value in the 

representative energy region, whereas the LD3-based calculations predict substantially lower values. 

The LD2-based curves therefore provide the closest local description of the present experimental 

result. However, this agreement should not be interpreted as a general validation of one specific 

TALYS model combination, since the complete set of calculations shows a considerable model 

spread. 

The following local chi-square, empirical covariance, and sensitivity analyses provide a more 

complete quantitative assessment of this model dependence. 

 

1.6 Statistical Analysis 

1.6.1 Local Chi-square Analysis of TALYS Model Combinations 

To quantitatively assess which TALYS model combination provides the closest agreement with the 

experimental cross-section value obtained in this work, a local chi-square analysis was performed. 

Unlike the empirical covariance analysis, which evaluates the spread among the TALYS predictions, 
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the chi-square analysis directly compares each TALYS curve with the experimental result at the 

energy of interest. 

As discussed in Section 1.5.1, the experimental result was represented at a neutron energy of 

approximately 4.2 MeV, corresponding to the representative average energy adopted for the Am–Be 

source [15]. Since the TALYSworld energy grid did not contain a point exactly at 4.2 MeV, the closest 

available value, corresponding to 4.21 MeV, was used for the comparison.  

For each TALYS model combination, the residual with respect to the experimental value was 

calculated as: 

𝑟𝑖 = 𝜎TALYS,𝑖 − 𝜎exp 

 

where 𝜎TALYS,𝑖 is the cross section predicted by the 𝑖-th TALYS model combination and 𝜎expis the 

experimental cross section obtained in this work. The residual was then normalized by the 

experimental uncertainty: 

𝑧𝑖 =
𝜎TALYS,𝑖 − 𝜎exp

𝑢exp
 

 

The local chi-square contribution was then calculated as: 

𝜒𝑖
2 = (

𝜎TALYS,𝑖 − 𝜎exp

𝑢exp
)

2

 

 

where 𝑢expis the uncertainty associated with the experimental cross-section value. Since only one 

experimental point is considered, this analysis should be interpreted as a local agreement indicator 

rather than as a global goodness-of-fit test. 

In this work, the experimental value used for the comparison was: 

𝜎exp = 8.12 ± 1.71 mb 

at approximately 4.2 MeV. The resulting local chi-square values are shown in Figure 10. 
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Figure 10 – Local chi-square comparison between the experimental ¹⁹⁷Au(n, γ)¹⁹⁸Au cross-section value 

and the TALYS model combinations at 4.21 MeV. 

 

The lowest chi-square value is obtained for the LD2–PSF1 combination, with χ² ≈ 0.014. This means 

that, among the tested TALYSworld calculations, LD2–PSF1 is the closest to the experimental result 

at 4.21 MeV. The other LD2-based combinations also remain close to the measurement, with χ² values 

of approximately 0.207 for LD2–PSF2 and 0.475 for LD2–PSF3. 

The LD1-based calculations give larger chi-square values because they predict cross sections higher 

than the experimental result in this energy region. The LD3-based calculations also deviate from the 

measurement, but in the opposite direction, since they predict much lower cross sections. At the 

representative Am–Be energy, the LD2-based TALYSworld calculations are the ones that reproduce 

most closely the experimental point. 

Since only one experimental point is considered, this result should be interpreted only as a local 

agreement indicator. It should not be considered a global validation of the selected TALYS model 

combination over the full energy range. 
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1.6.2 Empirical Covariance Analysis of TALYS Model Predictions 

To quantify the model spread associated with the selected nuclear-model options, an empirical 

covariance analysis was performed using the TALYSworld calculations generated by varying the 

Level Density and Photon Strength Function models [17],[18]. 

The analysis was based on nine model combinations, obtained by combining three Level Density 

models with three Photon Strength Function models. Each combination provides a different cross-

section curve for the ¹⁹⁷Au(n,γ)¹⁹⁸Au reaction. Therefore, nine TALYSworld cross-section values were 

available at each incident neutron energy. 

This procedure does not produce a formal evaluated nuclear-data covariance file. The calculated 

covariance describes only the empirical spread and energy-to-energy correlation generated by the 

selected TALYSworld model combinations. It should therefore be interpreted as a model-spread 

estimate rather than as a complete probabilistic evaluation of the theoretical uncertainty. 

For each energy point, the mean TALYS cross section was calculated as: 

𝜎̄(𝐸𝑖) =
1

𝑁
∑ 𝜎𝑘

𝑁

𝑘=1

(𝐸𝑖) 

 

Where N=9 is the number of TALYS model combinations, and 𝜎𝑘(𝐸𝑖)is the cross section predicted 

by the 𝑘-th model at the energy 𝐸𝑖. 

The deviation of each model from the mean value was then obtained as: 

Δ𝜎𝑘(𝐸𝑖) = 𝜎𝑘(𝐸𝑖) − 𝜎̄(𝐸𝑖) 

 

The empirical covariance matrix was calculated as: 

𝐶𝑖𝑗 =
1

𝑁 − 1
∑ Δ

𝑁

𝑘=1

𝜎𝑘(𝐸𝑖)Δ𝜎𝑘(𝐸𝑗) 

 

The diagonal terms of the covariance matrix represent the variance of the TALYS predictions at each 

energy. Therefore, the corresponding standard deviation was obtained as: 

𝑠(𝐸𝑖) = √𝐶𝑖𝑖 

 

This standard deviation was used to define the inner uncertainty band, corresponding to: 

𝜎̄(𝐸𝑖) ± 𝑠(𝐸𝑖) 
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In addition, a full model envelope was calculated by taking the minimum and maximum TALYS 

predictions at each energy: 

𝜎min(𝐸𝑖) = min[𝜎𝑘(𝐸𝑖)] 

𝜎max(𝐸𝑖) = max[𝜎𝑘(𝐸𝑖)] 

 

The resulting covariance band is shown in Figure 11. The solid line represents the mean TALYSworld 

prediction, the inner shaded region represents the mean ±1σ model uncertainty, and the outer shaded 

region represents the full minimum–maximum envelope. 

 

 

 

Figure 11 – Empirical model-spread representation for the ¹⁹⁷Au(n,γ)¹⁹⁸Au reaction, obtained from nine 

TALYSworld model combinations [17],[18] and compared with the experimental result obtained in this work 

at the representative neutron energy of approximately 4.2 MeV [15]. 

 

At the energy closest to the experimental value, namely 4.21 MeV, the mean TALYS cross section is 

approximately 8.94 mb, with a standard deviation of approximately 7.48 mb. This corresponds to a 

coefficient of variation of about 83.6%, showing that the TALYS prediction is strongly affected by 

the selected model combination in this energy region. 
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The experimental value obtained in this work is 8.12 ± 1.71 mb at approximately 4.2 MeV. This value 

is very close to the mean TALYS prediction at the nearest grid point, equal to approximately 8.94 mb, 

and lies within both the mean ±1σ model-spread band and the full TALYS model envelope. This 

indicates that the experimental result is consistent with the central region of the TALYSworld model 

spread at the representative Am–Be energy. 

A relevant feature of Figure 11 is the asymmetric enlargement of the covariance band toward lower 

cross-section values. This behaviour is mainly associated with the three LD3-based calculations, 

which predict considerably lower values than the remaining TALYS combinations in the energy 

region of interest. To quantify this effect, the covariance analysis was repeated after excluding the 

LD3-based curves, while keeping only the six LD1- and LD2-based combinations. The comparison 

between the two cases is reported in Table 6. 

 

 

Table 6 – Effect of the LD3-based TALYS calculations on the covariance-band parameters at 4.21 MeV. 

 

 

 

Figure 12 – Covariance band recalculated after excluding the LD3-based TALYS combinations. 

Mean 

TALYS 

[mb]

Std dev 

[mb]
CV [%]

Min–max 

envelope [mb]

With LD3 8.94 7.48 83.6 0.61–21.67

Without LD3 12.93 5.66 43.8 7.35–21.67
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After the exclusion of the LD3-based curves, the experimental point lies below the reduced mean 

TALYS prediction of 12.93 mb, but it remains within the reduced mean ±1σ band and inside the 

corresponding minimum–maximum envelope. This shows that the measurement is still compatible 

with the reduced TALYS model spread, although it is closer to the lower part of the reduced band 

than to its mean value. The exclusion of the LD3-based curves increases the mean TALYS prediction 

from 8.94 mb to 12.93 mb and reduces the coefficient of variation from 83.6% to 43.8%. At the same 

time, the upper boundary of the full model envelope remains unchanged, whereas the lower boundary 

shifts from 0.61 mb to 7.35 mb. This confirms that the LD3 combinations mainly affect the lower 

part of the envelope and are responsible for most of the enlarged model spread around the 

experimental energy. 

Given the spread among the predictions, the comparison between the experimental result and the 

TALYSworld calculations should not be based exclusively on a single theoretical curve. The empirical 

covariance band provides a broader representation of the spread generated by the selected LD–PSF 

model combinations. In the complete nine-model ensemble, the experimental value is close to the 

mean TALYS prediction, while in the reduced six-model ensemble it remains within the uncertainty 

band but closer to its lower boundary. Nevertheless, these bands should be interpreted as empirical 

model-spread representations and not as formal confidence intervals. 

 

1.6.3 Sensitivity Analysis of TALYS Model Inputs 

To complement the covariance analysis, a sensitivity analysis was performed in order to identify 

which TALYS model input mainly controls the spread of the calculated ¹⁹⁷Au(n,γ)¹⁹⁸Au cross section. 

The analysis was based on the same nine TALYS calculations used for the covariance band, obtained 

by combining three Level Density models and three Photon Strength Function models [17],[18]. 

For each incident neutron energy, the nine cross-section values can be arranged in a 3x3 matrix: 

𝜎𝑖𝑗(𝐸) 

 

where 𝑖 identifies the Level Density model and 𝑗 identifies the Photon Strength Function model. In 

the present analysis, m = 3 Level Density models and n = 3 Photon Strength Function models were 

considered. 

The average cross section at each energy was calculated as: 
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𝜎‾(𝐸) =
1

𝑚𝑛
∑ ∑ 𝜎𝑖𝑗

𝑛

𝑗=1

𝑚

𝑖=1

(𝐸) 

 

The mean cross section associated with each Level Density model was calculated as: 

𝜎‾𝑖⋅(𝐸) =
1

𝑛
∑ 𝜎𝑖𝑗

𝑛

𝑗=1

(𝐸) 

 

while the mean associated with each Photon Strength Function model was calculated as: 

𝜎‾⋅𝑗(𝐸) =
1

𝑚
∑ 𝜎𝑖𝑗

𝑚

𝑖=1

(𝐸) 

 

The total variability of the TALYS predictions was then expressed as: 

𝑆𝑆tot = ∑ ∑[𝜎𝑖𝑗(𝐸) − 𝜎‾(𝐸)]
2

𝑛

𝑗=1

𝑚

𝑖=1

 

 

This total variability was decomposed into three contributions: the contribution of the Level Density 

model, the contribution of the Photon Strength Function model, and the interaction between the two 

model choices.  

The contribution associated with the Level Density model was calculated as: 

𝑆𝑆LD(𝐸) = 𝑛 ∑[𝜎‾𝑖⋅(𝐸) − 𝜎‾(𝐸)]2

𝑚

𝑖=1

 

 

The contribution associated with the Photon Strength Function model was calculated as: 

𝑆𝑆PSF(𝐸) = 𝑚 ∑[𝜎‾⋅𝑗(𝐸) − 𝜎‾(𝐸)]
2

𝑛

𝑗=1

 

 

The non-additive interaction between the two model choices was calculated as: 
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𝑆𝑆int(𝐸) = ∑ ∑[𝜎𝑖𝑗(𝐸) − 𝜎‾𝑖⋅(𝐸) − 𝜎‾⋅𝑗(𝐸) + 𝜎‾(𝐸)]
2

𝑛

𝑗=1

𝑚

𝑖=1

 

 

The decomposition therefore satisfies: 

𝑆𝑆tot = 𝑆𝑆LD + 𝑆𝑆PSF + 𝑆𝑆int 

 

The corresponding relative contributions were calculated as: 

𝐶LD =
𝑆𝑆LD

𝑆𝑆tot
× 100 

𝐶PSF =
𝑆𝑆PSF

𝑆𝑆tot
× 100 

𝐶int =
𝑆𝑆int

𝑆𝑆tot
× 100 

 

where 𝐶LD, 𝐶PSF, and 𝐶int represent the percentage contributions of the Level Density model, the 

Photon Strength Function model, and their interaction, respectively. 

Only one deterministic TALYSworld prediction was available for each LD–PSF combination. 

Consequently, no independent residual-error term or statistical significance test could be estimated. 

The remaining non-additive contribution was assigned to the LD–PSF interaction. The resulting 

percentages should therefore be interpreted as a descriptive decomposition of the model spread 

generated by the selected options, rather than as probabilistic sensitivity indices or formal uncertainty 

estimates [19].  

Around the experimental energy, the closest TALYSworld grid point is 4.21 MeV. Table 7 reports the 

nine calculated cross sections at this energy, together with the LD and PSF averages. The large 

variation among the LD averages, from 17.54 mb for LD1 to 0.97 mb for LD3, shows that the Level 

Density model has the strongest effect. 
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Table 7 – TALYS cross sections at 4.21 MeV grouped by Level Density and Photon Strength Function 

models. 

 

This is confirmed by the variance decomposition, which gives 𝐶LD = 92.5%, 𝐶PSF = 1.6%, and 

𝐶int = 5.9%. Therefore, near the experimental energy, the TALYS spread is mainly controlled by the 

Level Density model. The Photon Strength Function has only a minor influence in this region, while 

the interaction term remains limited. 

The energy dependence of the sensitivity contributions is shown in Figure 13.  

 

 

 

Figure 13 – Relative contributions of Level Density, Photon Strength Function, and LD–PSF interaction to 

the variance of the TALYS predictions for ¹⁹⁷Au(n,γ)¹⁹⁸Au. 

PSF1 

[mb]

PSF2 

[mb]

PSF3 

[mb]

LD average 

[mb]

LD1 

[mb]
21.67 17.12 13.82 17.54

LD2 

[mb]
8.33 7.35 9.30 8.32

LD3 

[mb]
0.63 0.61 1.66 0.97

PSF 

average 

[mb]

10.21 8.36 8.26 —
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The Level Density contribution dominates from 1 MeV up to approximately 7 MeV, including the 

region of the present measurement. This confirms that the widening of the covariance band around 

4.2 MeV is mainly caused by the different Level Density prescriptions, especially by the LD3-based 

curves, which predict significantly lower cross sections than the other TALYS combinations. 

At higher energies, the contribution of the Photon Strength Function increases and becomes dominant 

above approximately 8 MeV. However, this region is farther from the experimental energy considered 

in this work. Consequently, for the interpretation of the present experimental result, the most relevant 

model input is the Level Density model. 

The sensitivity analysis also confirms and explains the behaviour already observed in the covariance 

band. While the covariance analysis shows the total model spread, the sensitivity analysis identifies 

its origin. In the energy region of interest, the uncertainty of the TALYS prediction is mainly 

associated with the adopted Level Density model, whereas the Photon Strength Function plays a 

secondary role. 
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Chapter 2 – Nuclear Data Analysis of Neutron Radiative Capture 

Reactions 

 

2.1 Introduction 

This part of the thesis extends the analysis from the experimental activation study of ¹⁹⁷Au to a broader 

nuclear-data investigation of neutron radiative-capture reactions. The first three target nuclides 

selected were ⁵¹V, ¹⁰³Rh, and ²⁰⁹Bi, representing the light-, medium-, and heavy-mass regions, 

respectively. Rhodium and bismuth are naturally monoisotopic, while natural vanadium is 

overwhelmingly composed of ⁵¹V, with an isotopic abundance of approximately 99.75% [20]. These 

characteristics minimize ambiguities associated with contributions from different target isotopes. 

The ²³²Th(n,γ)²³³Th reaction was subsequently included to extend the analysis to the actinide region 

and to provide a more complete investigation of heavy nuclei. Natural thorium is overwhelmingly 

dominated by ²³²Th, with a representative isotopic abundance of approximately 99.98% [20]. 

The four reactions, ⁵¹V(n,γ)⁵²V, ¹⁰³Rh(n,γ)¹⁰⁴Rh, ²⁰⁹Bi(n,γ)²¹⁰Bi, and ²³²Th(n,γ)²³³Th, were therefore 

analysed in the neutron energy range from 1 to 30 MeV. Together, these reactions cover different 

regions of the Chart of Nuclides. Neutron radiative-capture data across these mass regions are relevant 

to neutron dosimetry, activation analysis, fusion-related applications, reactor safety, reactor physics, 

and nuclear fuel-cycle studies [21], [22]. 

The selection of these reactions was also motivated by the fact that the same delayed activation 

procedure used for gold would have some limitations here. These isotopes have less favourable decay 

characteristics, such as very short half-lives, weak or low-energy gamma emissions, or the absence 

of a suitable delayed gamma line. For this reason, as discussed in Section 2.2, these reactions were 

investigated through an analytical comparison of available experimental data, evaluated libraries, and 

TALYSworld calculations. 

The objective of this part is to compare experimental cross-section data from the EXFOR database 

[8] with evaluated nuclear data libraries [9-14] and with nuclear-reaction calculations performed 

through the TALYSworld platform [17]. TALYSworld calculations were also performed using 

different Level Density and Photon Strength Function models to examine their effect on the calculated 

capture cross sections [18]. The empirical covariance and sensitivity methods introduced for the gold 

case were then applied to these simulations to quantify the model spread and identify its main sources. 
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2.2 Decay Behaviour of the Selected Reaction Products 

A direct experimental extension of the activation and delayed gamma-spectrometry procedure 

adopted for ¹⁹⁷Au was not pursued for the four reactions considered in this part. The neutron-capture 

products of ⁵¹V, ¹⁰³Rh, ²⁰⁹Bi, and ²³²Th exhibit decay characteristics that differ substantially from those 

of ¹⁹⁸Au, making the same laboratory procedure unsuitable or requiring a specifically redesigned 

experimental approach. 

For vanadium and rhodium, the principal limitation is associated with the short half-lives of the 

activation products, which would require rapid transfer from the irradiation position to the detector 

and immediate acquisition of the gamma spectrum. In the rhodium case, the possible population of 

both ground and metastable states introduces an additional complication. For bismuth, the difficulty 

is instead related to the absence of a suitable gamma emission from the dominant decay branch and 

to the extremely long half-life of the metastable product. For thorium, the main experimental 

difficulty is associated with the low-energy and relatively weak gamma emission of ²³³Th, rather than 

with an impractically short half-life. 

For these reasons, the ¹⁹⁷Au activation experiment was not repeated for the four additional reactions. 

Their analysis was instead based on available EXFOR measurements, evaluated nuclear data libraries, 

and TALYSworld calculations.  

The decay data for the corresponding capture products were obtained from the NuDat database [2] 

and are discussed below to clarify the experimental limitations associated with each case. 

 

Reaction 

Decay data   

Parent 
nucleus 

Daughter 

nucleus 
Decay mode Half-life 

Representative 

Eγ (keV) 
 Iγ (%) 

51V(n,γ)52V V23
52  Cr24

52  β- (100%) 3.743 m (5) 1434.06 (1) 100 

 

Table 8. Decay data relevant to the ⁵¹V(n,γ)⁵²V reaction 

 

The ⁵¹V(n,γ)⁵²V reaction produces ⁵²V, which decays by 𝛽−emission to ⁵²Cr. From a spectrometric 

point of view, this activation product is particularly favourable, since it emits a highly intense gamma 

ray at 1434.06 keV with an emission probability of 100%. However, its half-life of only 3.743 min 

represents a major experimental limitation. Such rapid decay would require the activated sample to 

be transferred to the detector and measured almost immediately after irradiation, with a very well-

controlled and reproducible timing sequence. Even short delays between the end of irradiation and 
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the beginning of the acquisition would lead to a significant reduction in the available activity and 

would increase the sensitivity of the result to timing uncertainties.  

Despite its favourable gamma emission, the short half-life of ⁵²V makes the same experimental 

procedure impractical unless the activated sample is transferred to the detector and measured much 

more rapidly. 

 

Reaction 

Decay data   

Parent 

nucleus 

Daughter 

nucleus 
Decay mode Half-life 

Representative 

Eγ (keV) 
 Iγ (%) 

103Rh(n,γ)104Rh Rh45
104  

Pd46
104  β- (99.55%) 

42.3 s (4) 
555.81 (4) 2 

Ru44
104  ε (0.45%) 358.12 (15) 0.016 

103Rh(n,γ)104mRh Rh45
104m  

Pd46
104  β- (0.13%) 

4.34 m (3) 
555.81 (4) 0.13 

Rh45
104  IT (99.87%) 51.4225 (15) 48.277 

 

Table 9. Decay data relevant to the neutron-capture products of ¹⁰³Rh 

 

The neutron-capture reaction on ¹⁰³Rh may populate both the ground state 104Rh and the metastable 

state 104mRh. The ground state is particularly critical from an experimental point of view, since its half-

life is only 42.3 s. This decay time is too short to allow a reliable off-line gamma-spectrum acquisition 

using the same transfer procedure and detection setup adopted for the gold measurement. In addition, 

although the 555.81 keV gamma line can be used as a reference for the main 𝛽−decay branch, its 

emission intensity is only 2.0%, while the gamma line associated with the electron-capture branch is 

even weaker. 

The metastable state 104mRh has a longer, but still short, half-life of 4.34 min. Its decay is mainly 

governed by isomeric transition to 104Rh, with an intense gamma emission at 51.4225 keV. However, 

this low-energy line is experimentally challenging because attenuation in the sample, source holder, 

detector window, and surrounding materials may reduce the detected signal. In addition, the detector 

response and spectral background in this energy region may complicate reliable peak identification 

and net peak-area determination.  

Therefore, the rhodium case would require a dedicated measurement protocol, with rapid and 

reproducible timing, careful treatment of the possible population of both nuclear states, and specific 

attention to low-energy gamma detection. 

 



34 

 

 

Reaction 

Decay data   

Parent 

nucleus 

Daughter 

nucleus 
Decay mode Half-life 

Representative 

Eγ (keV) 

 Iγ 

(%) 

209Bi(n,γ)210Bi Bi83
210  

Tl81
206  α (1.32 x 10-4 %) 

5.012 d (5) 
- - 

Po84
210  β- (100%) - - 

209Bi(n,γ)210mBi Bi83
210m  Tl81

206  α (100%) 3.04 x 106  y (6) 265.6 (5) 52 

 

Table 10. Decay data relevant to the neutron-capture products of 209Bi 

 

The 209Bi(n,γ) reaction presents a different experimental limitation compared with vanadium and 

rhodium. The ground-state product 210Bi has a half-life of 5.012 d, which would be compatible with 

delayed measurements. However, its dominant decay branch is a β− decay to 210Po, with no suitable 

representative gamma emission available for the same type of gamma-spectrometric analysis. The 

very weak 𝛼-decay branch of 210Bi is negligible from the point of view of the present approach. 

A further complication is given by the possible formation of the metastable state 210mBi. Although this 

state is associated with gamma emissions, including the 265.6 keV line, its half-life is extremely long, 

equal to 3.04 × 106y. This makes the activity produced over a realistic irradiation time very limited 

and incompatible with a practical delayed gamma measurement. Therefore, in the bismuth case, the 

main difficulty is not related to a rapid decay, but rather to the absence of a useful gamma line for the 

main 210Bi decay branch and to the extremely long-lived nature of the metastable product. 

These decay characteristics help explain why the available experimental information for this reaction 

is limited and why some of the measurements reported in EXFOR rely on prompt-gamma techniques 

rather than on conventional delayed gamma spectrometry [8]. The role of this experimental technique 

is discussed further in Section 2.7.1. 
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Reaction 

Decay data   

Parent 
nucleus 

Daughter 

nucleus 
Decay mode Half-life 

Representative 

Eγ (keV) 
 Iγ (%) 

232Th(n,γ)233Th Th90
233  Pa91

233  β- (100%) 21.83 m (4) 86.50 (1) 1.843 

 

Table 11. Decay data relevant to the 232Th(n,γ)233Th reaction 

 

The ²³²Th(n,γ)²³³Th reaction produces ²³³Th, which decays by β⁻ emission to ²³³Pa with a half-life of 

21.83 min. This half-life is compatible with delayed gamma-spectrometric measurements, provided 

that the transfer and acquisition times are accurately controlled. The main limitations are associated 

with the representative gamma line at 86.50 keV, which has an emission intensity of only 1.843%. Its 

low energy makes the measurement more sensitive to attenuation, self-absorption, detector-efficiency 

calibration, and background contributions. However, a dedicated experimental extension was not 

considered necessary in the present work because a comparatively extensive EXFOR dataset is 

already available for this reaction [8]. 

 

2.3 Data Collection 

Experimental cross-section data for the selected neutron radiative-capture reactions were retrieved 

from the EXFOR database [8]. For each target, the experimental points retained between 1 and 30 

MeV were collected together with the uncertainties reported in EXFOR, when available. The data 

were converted to consistent units, using MeV for the incident neutron energy and mb for the cross 

section. 

The evaluated nuclear data were obtained from ENDF/B-VIII.0, JEFF-3.3, JENDL-5, TENDL-2023, 

ROSFOND-2010, and CENDL-3.2, depending on their availability for each reaction [9-14].  

The theoretical analysis was performed using the TALYSworld platform [17], with the same model-

variation strategy applied to all selected targets. Six Level Density models were combined with three 

Photon Strength Function models, resulting in eighteen TALYS model combinations for each 

reaction. The model options were selected according to the definitions reported in the TALYS manual 

[18]. The same model ensemble was used for the direct comparison with the experimental data and 

for the subsequent empirical covariance and sensitivity analyses. 
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2.4 Data Processing and Interpolation 

The point-by-point comparisons between EXFOR measurements and evaluated nuclear data libraries 

were performed using the same interpolation and relative-difference procedure introduced in Section 

1.5.1. For each experimental neutron energy, the corresponding evaluated-library cross section was 

obtained using the interpolation law specified in the original dataset [16]. 

The same procedure and sign convention were applied consistently to the ⁵¹V, ¹⁰³Rh, ²⁰⁹Bi, and ²³²Th 

case studies. With this convention, a positive relative difference indicates that the evaluated library 

overestimates the corresponding EXFOR measurement, whereas a negative value indicates an 

underestimation. The complete point-by-point results are reported in Appendix A, while the principal 

statistical indicators are summarized in the corresponding case-study sections. 

Throughout the following analyses, the empirical covariance bands are used exclusively to represent 

the model spread generated by the selected TALYSworld LD–PSF combinations. They should not be 

interpreted as formal confidence intervals or as evaluated nuclear-data covariance files. 
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2.5 Case Study of ⁵¹V 

The first reaction examined in Part 2 is ⁵¹V(n,γ)⁵²V. Experimental measurements, evaluated nuclear 

data libraries, and TALYSworld calculations were compared over the 1–30 MeV range. Particular 

attention was given to the dispersion of the experimental data near 14–15 MeV and to the influence 

of the Photon Strength Function on the TALYS predictions. 

 

2.5.1 Comparison between EXFOR Data and Evaluated Libraries 

The experimental cross-section data for the ⁵¹V(n,γ)⁵²V reaction were retrieved from the EXFOR 

database [8] and compared with five evaluated nuclear data libraries: ENDF/B-VIII.0, JEFF-3.3, 

JENDL-5, TENDL-2023, and ROSFOND-2010 [9-13]. CENDL-3.2 was not included for this 

reaction because no corresponding evaluated dataset was available from the National Nuclear Data 

Center database at the time of data collection. 

Since the EXFOR points and the evaluated libraries are generally tabulated on different energy grids, 

each library was interpolated at the experimental EXFOR energies according to the procedure 

described in Section 2.4. 

The EXFOR measurements generally decrease with increasing neutron energy, but the agreement 

among the different datasets is not uniform. The dispersion becomes particularly evident around 14–

15 MeV. In this region, the value reported by Majumder and Mitra is clearly separated from the other 

measurements: the authors reported a cross section of 0.07 mb at 14.8 MeV, with an uncertainty of 

10% [23]. This value is markedly lower than both the other experimental measurements available in 

the same energy region and the evaluated-library predictions. The EXFOR history indicates that the 

value was revised from 0.49 mb to 0.07 mb according to the 1977 publication [8]. The revised value 

was retained in the present analysis, but its influence must be considered when interpreting the 

percentage-based statistical indicators. 
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Figure 14 – Comparison between EXFOR experimental measurements [8] and evaluated nuclear data 

libraries [9-13] for the ⁵¹V(n,γ)⁵²V reaction in the 1–30 MeV neutron-energy range. 

 

The evaluated libraries follow the general downward trend of the cross section, although their 

agreement with the measurements varies across the energy range. Most of the low-energy EXFOR 

points remain relatively close to the evaluated curves. Around 14–15 MeV, however, the larger 

experimental dispersion makes the comparison more dependent on the individual dataset considered: 

library performance in this region cannot therefore be judged from a single measurement alone. 

The relative differences calculated according to Section 2.4 are reported in Appendix A. Table 12 

summarizes the mean relative difference and the mean and median absolute relative differences. 

 

 Mean relative 

difference [%] 

Mean absolute 

relative difference [%] 

Median absolute 

relative difference [%] 

ENDF/B-VIII.0 39.82 52.65 32.83 

JEFF-3.3 36.46 51.43 32.57 

JENDL-5 61.84 68.82 44.40 

TENDL-2023 28.19 48.10 21.13 

ROSFOND-2010 59.86 71.21 34.73 

Table 12 – Statistical summary of the relative differences between experimental data retrieved from the 

EXFOR database [8] and evaluated nuclear data libraries [9-13] for the ⁵¹V(n,γ)⁵²V reaction. 
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Among the five evaluated libraries, TENDL-2023 gives the lowest mean absolute relative difference, 

48.10%, and the lowest median absolute relative difference, 21.13%. Nevertheless, the mean-based 

indicators are strongly influenced by the particularly low value of 0.07 mb reported by Majumder and 

Mitra at 14.8 MeV [23]. 

Since the relative difference is normalized by the experimental cross section, the small denominator 

associated with this measurement produces very large percentage deviations for all the evaluated 

libraries. The median absolute relative difference is less sensitive to this individual point and therefore 

provides a more representative indication of the typical deviation within the remaining dataset. All 

the evaluated libraries show positive mean relative differences, indicating an average tendency to 

overestimate the selected EXFOR measurements. JEFF-3.3 and ENDF/B-VIII.0 provide comparable 

results, while JENDL-5 and ROSFOND-2010 show larger average deviations. 

 

2.5.2 Comparison with TALYS Calculations 

The experimental data retrieved from EXFOR [8] were also compared with calculations performed 

through the TALYSworld platform [17] by varying the Level Density and Photon Strength Function 

models. These model choices affect the density of available compound-nucleus states and the 

description of gamma-ray de-excitation, respectively [18]. 

 

 

Figure 15 – Comparison between experimental data retrieved from the EXFOR database [8] and 

TALYSworld calculations for the ⁵¹V(n,γ)⁵²V reaction, obtained by varying the Level Density and Photon 

Strength Function models [17], [18]. 
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The TALYSworld calculations show a non-negligible dependence on the selected LD–PSF 

combination. Although the different curves reproduce the general decrease of the experimental cross 

section with increasing neutron energy, they exhibit a significant spread in magnitude. In particular, 

the PSF3-based calculations generally predict lower cross sections than the other PSF options over a 

large part of the investigated energy range. 

No single calculation reproduces all the available EXFOR datasets over the complete energy interval. 

Nevertheless, the PSF3-based curves are closer to several of the lower experimental values and 

generally define the lower part of the calculated model range. Among the tested combinations, LD6–

PSF3 and LD4–PSF3 provide comparatively close qualitative representations of the general 

experimental trend, although the apparent agreement remains dependent on the energy region and 

dataset considered. 

The isolated value of 0.07 mb reported by Majumder and Mitra at 14.8 MeV lies substantially below 

the complete TALYSworld prediction range [23]. Therefore, this individual measurement was 

retained in the graphical comparison but was not used as the principal criterion for selecting the model 

combination that best represents the broader experimental trend. 

 

2.5.3 Restricted Chi-square Analysis of the LD6–PSF3 TALYS Calculation 

No experimental cross section was obtained for ⁵¹V in the present work. The quantitative comparison 

was therefore limited to a subset of the EXFOR measurements, using LD6–PSF3 as the reference 

TALYS curve because it follows the low-energy experimental trend more closely than most of the 

other combinations. 

Two low-energy EXFOR datasets were initially considered because of their proximity to the LD6–

PSF3 curve. However, one of them does not report pointwise experimental uncertainties. Since the 

chi-square calculation requires an uncertainty for each measurement, the quantitative comparison was 

restricted to the eight points of the Zaikin dataset for which uncertainties are available in EXFOR 

[24]. 

The LD6–PSF3 curve was interpolated at the eight Zaikin energies, and the chi-square was calculated 

using the definition given in Section 1.6.1. 

The resulting total chi-square was: χ² = 59.48. 

For N = 8 experimental points, corresponding to: χ²/N = 7.44. 
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The value of χ²/N remains considerably higher than unity, indicating that the deviations between the 

LD6–PSF3 calculation and the selected experimental measurements are generally larger than would 

be expected from the reported pointwise uncertainties alone. 

Because no model parameters were fitted in this analysis and the experimental subset was selected 

on the basis of its proximity to the calculated trend, χ²/N should not be interpreted as a formal reduced 

chi-square or as a global goodness-of-fit statistic. It is used here only as a local weighted-discrepancy 

indicator. 

LD6–PSF3 remains one of the closest descriptions of the Zaikin dataset, but the deviations at 

individual energies are still too large for this result to be treated as a validation over the full 1–30 

MeV interval. 

 

2.5.4 Empirical Covariance Analysis of TALYS Model Predictions for ⁵¹V 

For ⁵¹V, the model spread was evaluated from the same eighteen LD–PSF combinations used in the 

direct TALYSworld comparison [17], [18]. The mean cross section, empirical standard deviation, and 

minimum–maximum envelope were calculated on the common energy grid and then compared with 

the measurements available in EXFOR [8]. 

 

 

Figure 16 – Empirical TALYS covariance band for the ⁵¹V(n, γ)52V reaction, obtained from eighteen TALYS 

model combinations and compared with EXFOR experimental data. 
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As shown in Figure 16, the TALYS calculations reproduce the general decreasing trend of the 

⁵¹V(𝑛, 𝛾)52V cross section with increasing neutron energy. The EXFOR data in the low-energy 

region, approximately between 1 and 4 MeV, are mostly located within the TALYS model envelope, 

although several points lie below the mean TALYS prediction. This indicates that the average TALYS 

calculation tends to slightly overestimate part of the experimental dataset in this region, while the full 

model spread still provides a reasonable coverage of the available measurements. 

At 1 MeV, the mean TALYS cross section is approximately 3.64 mb, with a standard deviation of 

about 2.14 mb. This corresponds to a coefficient of variation of approximately 58.6%, showing that 

the calculated cross section is strongly affected by the selected nuclear model combination. As the 

neutron energy increases, the relative spread gradually decreases: the coefficient of variation is about 

53% at 5.14 MeV, 35% at 15.5 MeV, and around 20% at 30 MeV. Therefore, the model dependence 

is more pronounced in the lower-energy region and becomes less significant at higher neutron 

energies. 

A relevant feature of the covariance band is the role of the Photon Strength Function model. In 

contrast to the gold case, where the lower part of the envelope was mainly affected by a specific Level 

Density model, for ⁵¹V the lowest TALYS predictions are generally associated with the PSF3-based 

calculations. For almost all Level Density models, the use of Photon Strength Function 3 shifts the 

calculated cross section toward lower values. As a consequence, the PSF3 curves strongly influence 

the lower boundary of the full model envelope and contribute significantly to the asymmetric shape 

of the covariance band. The same tendency was already visible in the direct TALYSworld comparison, 

where the PSF3-based curves were closer to several of the lower EXFOR values. The covariance 

band shows, however, that this agreement occurs within a relatively broad model range. 

In the energy region around 14–15 MeV, the EXFOR measurements show a comparatively large 

dispersion. Most of the experimental points remain relatively close to the TALYSworld model 

envelope, whereas the value of 0.07 mb reported by Majumder and Mitra at 14.8 MeV lies 

substantially below both the other measurements and the complete calculated range [23]. The EXFOR 

history documents that this value was revised from 0.49 mb to 0.07 mb according to the original 

publication [8]. The revised value was retained for completeness, but it should not be regarded as 

representative of the general experimental trend in this energy region. 

This measurement does not affect the numerical calculation of the empirical covariance band, since 

the band is derived exclusively from the eighteen TALYSworld calculations. Nevertheless, it strongly 

influences the visual comparison between the experimental measurements and the model envelope. 
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The band should therefore be interpreted as a representation of the calculated model spread and not 

as an interval expected to contain every individual experimental point. 

For vanadium, the largest model dependence is found in the low-energy region and is mainly 

associated with the selected Photon Strength Function. The complete envelope shows the range 

generated by the investigated TALYSworld options, but it is not a formal confidence interval or a 

complete estimate of theoretical uncertainty. 

 

2.5.5 Sensitivity Analysis of TALYS Model Inputs for ⁵¹V 

For the vanadium reaction, the eighteen TALYSworld calculations were analysed using the two-factor 

sum-of-squares decomposition described in Section 1.6.3 [17-19]. The discussion below considers 

how the contributions of the Level Density model, the Photon Strength Function model, and their 

interaction vary with neutron energy. 

 

 

 

Figure 17 – Relative contributions of the Level Density model, Photon Strength Function model, and LD–

PSF interaction to the total spread of the 18 TALYSworld predictions for the ⁵¹V(n,γ)⁵²V reaction [17-19]. 

 

For the ⁵¹V(n,γ)⁵²V reaction, the Photon Strength Function is the dominant source of model variability 

in the low-energy region. Between 1 and 5 MeV, the PSF contribution remains very high, with values 

of about 89.5% at 1 MeV, 85.0% at 3.07 MeV, and 85.7% at 5.14 MeV. This confirms what was 
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already observed in the covariance analysis: the lower TALYS curves are mainly associated with the 

PSF3-based calculations, which strongly affect the shape of the model envelope in this energy range. 

At approximately 7 MeV, the sensitivity becomes more balanced. At 7.21 MeV, the PSF contribution 

is still the largest one, around 51.7%, but the Level Density contribution increases significantly to 

about 40.9%. This indicates a transition region in which both nuclear model inputs influence the 

calculated capture cross section. 

From approximately 9 MeV to 24 MeV, the Level Density model becomes the dominant source of 

variability. In this region, the LD contribution reaches values between about 65% and 85%, with a 

maximum of approximately 84.6% at 21.71 MeV. Therefore, while the low-energy behaviour is 

mainly controlled by the Photon Strength Function, the intermediate-energy region is more sensitive 

to the selected Level Density model. 

At higher energies, above approximately 25 MeV, the Photon Strength Function contribution 

increases again and becomes dominant. In particular, the PSF contribution rises to about 54.8% at 

25.87 MeV, 74.5% at 27.92 MeV, and 84.8% at 30 MeV. This suggests that the sensitivity of the 

⁵¹V(n,γ)⁵²V reaction is not controlled by a single model input over the entire energy range, but changes 

depending on the incident neutron energy. 

The interaction term remains generally smaller than the two main effects, although it is not negligible 

in some regions. Its largest values occur in the intermediate-energy range, reaching about 18.3% at 

17.58 MeV and 16.0% at 19.63 MeV. This means that, in this region, part of the TALYS spread cannot 

be attributed independently to either LD or PSF alone, but results from the combined effect of the 

two model choices. 

The sensitivity analysis helps explain the shape of the covariance band. At low neutron energies, the 

TALYS envelope is mainly controlled by the Photon Strength Function, particularly by the PSF3-

based curves, while the Level Density model becomes more influential in the intermediate-energy 

region. The origin of the model spread therefore changes across the investigated energy range rather 

than being controlled by a single model input.  
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2.6 Case Study of ¹⁰³Rh 

The second reaction considered is ¹⁰³Rh(n,γ)¹⁰⁴Rh. The comparison with evaluated libraries and 

TALYSworld calculations is complicated by the pronounced dispersion of the EXFOR measurements 

around 14–15 MeV, where a cluster of relatively high cross-section values lies well above the 

remaining experimental points. Another distinctive feature of this case is the large TALYS model 

spread produced by the LD3–PSF1 and LD3–PSF2 combinations. 

 

2.6.1 Comparison between EXFOR Data and Evaluated Libraries 

The experimental cross-section data for the ¹⁰³Rh(n,γ)¹⁰⁴Rh reaction were retrieved from the EXFOR 

database [8] and compared with six evaluated nuclear data libraries: ENDF/B-VIII.0, JEFF-3.3, 

JENDL-5, TENDL-2023, ROSFOND-2010, and CENDL-3.2 [9-14]. 

Since the EXFOR measurements and the evaluated-library data are tabulated on different energy 

grids, each evaluated curve was interpolated at the corresponding experimental energies using the 

procedure described in Section 2.4. 

 

 

Figure 18 – Comparison between experimental data retrieved from the EXFOR database [8] and evaluated 

nuclear data libraries [9-14] for the ¹⁰³Rh(n,γ)¹⁰⁴Rh reaction in the 1–30 MeV neutron-energy range. 
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Between 1 and 4 MeV, the experimental cross section decreases fairly regularly, and the evaluated 

libraries reproduce this trend despite some differences in magnitude. The situation is less uniform 

around 14–15 MeV, where a cluster of experimental values lies substantially above both the 

evaluated-library curves and the other measurements available in the same energy region. These high 

cross-section values come from two early studies led by Csikai, published in 1963 and 1967 [25], 

[26]. Given both the age of these measurements and the lack of independent confirmation from 

different research groups, this cluster should be interpreted with caution. The statistical comparison 

is therefore strongly influenced by this group of measurements. 

The point-by-point relative differences were calculated using the interpolated library values. The full 

results are reported in Appendix A, while Table 13 gives the main statistical indicators. 

 

  
Mean relative 

difference [%] 

Mean absolute 

relative difference 

[%] 

Median absolute 

relative difference 

[%] 

ENDF/B-VIII.0 -42.34 45.38 21.93 

JEFF-3.3 -16.20 53.80 64.60 

JENDL-5 -35.40 49.27 30.67 

TENDL-2023 -33.64 70.53 78.31 

ROSFOND-2010 -42.14 45.18 21.93 

CENDL-3.2 -29.01 44.25 28.25 

 

Table 13 – Statistical summary of the relative differences between experimental data retrieved from the 

EXFOR database [8] and evaluated nuclear data libraries [9-14] for the ¹⁰³Rh(n,γ)¹⁰⁴Rh reaction. 

 

CENDL-3.2 gives the lowest mean absolute relative difference, 44.25%, while ENDF/B-VIII.0 and 

ROSFOND-2010 share the lowest median absolute relative difference, 21.93%. The three libraries 

therefore show comparable overall performance when the complete EXFOR dataset is considered. 

JEFF-3.3 has the smallest magnitude of the mean relative difference, but its considerably larger 

absolute indicators show that this low average bias results partly from compensating positive and 

negative deviations. TENDL-2023 presents the largest mean absolute and median absolute relative 

differences among the considered evaluations. 
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All six libraries have negative mean relative differences, indicating an average tendency to 

underestimate the selected EXFOR measurements. However, this result is strongly influenced by the 

cluster of high experimental values around 14–15 MeV.  

 

2.6.2 Comparison with TALYS Calculations 

Figure 19 compares the EXFOR measurements [8] with eighteen TALYSworld calculations obtained 

using different Level Density and Photon Strength Function models [17], [18]. 

 

 

Figure 19 – Comparison between EXFOR data [8] and TALYSworld calculations for the ¹⁰³Rh(n,γ)¹⁰⁴Rh 

reaction, obtained using different Level Density and Photon Strength Function models [17], [18]. 

 

The most evident feature of the TALYSworld comparison is the wide separation among the LD–PSF 

combinations, especially at low and intermediate neutron energies. Despite this spread, most curves 

reproduce the general decrease of the capture cross section with increasing energy. 

The LD3–PSF1 and LD3–PSF2 calculations predict substantially higher cross sections than the 

remaining model combinations below approximately 10 MeV. These two curves therefore strongly 

affect the upper part of the calculated model range and the mean prediction obtained from the 

complete eighteen-model ensemble. 
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In the low-energy region, the measurements reported by Poenitz provide a relatively coherent 

decreasing trend [27]. Within the 1–4 MeV interval considered in the present analysis, the LD1–PSF1 

calculation gives one of the closest qualitative representations of the Poenitz dataset. This model 

combination was therefore selected for the restricted chi-square analysis presented in Section 2.6.3. 

The comparison becomes more difficult to understand around 14–15 MeV. The high cross-section 

measurements reported by Csikai and co-workers [25], [26] lie above the complete TALYSworld 

range, while the lower values available at similar energies are closer to the calculations. The apparent 

level of agreement therefore depends strongly on which experimental dataset is considered. 

For the rhodium reaction, the model spread is largely influenced by the high LD3–PSF1 and LD3–

PSF2 predictions. The LD1–PSF1 calculation is examined locally against the Poenitz dataset in the 

following restricted chi-square analysis, while all eighteen TALYSworld calculations are retained for 

the covariance and sensitivity analyses. 

 

2.6.3 Restricted Chi-square Analysis of the LD1–PSF1 TALYS Calculation 

For the rhodium case, the restricted chi-square comparison was based on the LD1–PSF1 calculation 

and the low-energy measurements reported by Poenitz [27]. This TALYSworld combination was 

selected because it follows the experimental trend between 1 and 4 MeV more closely than most of 

the other tested models. 

The quantitative comparison was restricted to eight Poenitz measurements between 1 and 4 MeV for 

which pointwise experimental uncertainties are available in EXFOR [8]. Restricting the analysis to a 

single experimental dataset avoids combining measurements obtained by different authors under 

different experimental conditions. 

The LD1–PSF1 curve was interpolated at the eight experimental energies, and the chi-square was 

calculated according to the definition given in Section 1.6.1. The resulting total chi-square was: 

 

𝜒2 = 11.42 

 

for 𝑁 = 8 experimental points, corresponding to:  

𝜒2

𝑁
= 1.43 
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The value of  χ²/N is moderately higher than unity, showing that some differences remain between 

the LD1–PSF1 calculation and the Poenitz measurements when the reported uncertainties are used as 

weights. Even so, LD1–PSF1 gives a reasonably close description of the low-energy trend. 

No model parameters were fitted during this comparison, and both the experimental subset and the 

TALYSworld combination were selected after examining the graphical agreement. For this reason, 

χ²/N is used here only as a local weighted-discrepancy indicator, not as a formal reduced chi-square 

or a validation of the model over the full 1–30 MeV range. 

 

2.6.4 Empirical Covariance Analysis of TALYS Model Predictions for ¹⁰³Rh 

For rhodium, the covariance band was constructed from all eighteen TALYSworld calculations 

obtained from the six Level Density and three Photon Strength Function models [17], [18]. The mean 

cross section, empirical standard deviation, and minimum–maximum range were evaluated on the 

common energy grid and compared with the EXFOR measurements [8]. 

 

 

Figure 20 – Empirical model-spread representation for the ¹⁰³Rh(n,γ)¹⁰⁴Rh reaction, obtained from eighteen 

TALYSworld LD–PSF combinations [17], [18] and compared with experimental data retrieved from EXFOR 

[8]. 

 

The mean TALYSworld prediction decreases progressively over the investigated energy range, from 

approximately 68.7 mb at 1 MeV to 0.17 mb at 30 MeV. However, both the complete model envelope 

and the mean ±1σ model-spread band are particularly broad in the low- and intermediate-energy 

regions. 
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The relative model spread is especially large between approximately 1 and 7 MeV. The coefficient of 

variation is about 99.1% at 1 MeV, increases to 137.4% at 3.07 MeV, and remains similarly high, at 

137.2%, at 5.14 MeV. At 7.21 MeV, it is still above 118%. These values show that the calculated cross 

section in this energy region is strongly dependent on the selected LD–PSF combination. 

The broad model envelope is mainly caused by the LD3–PSF1 and LD3–PSF2 calculations, which 

predict substantially higher cross sections than the remaining model combinations. At 1 MeV, for 

example, the complete ensemble spans from approximately 19.8 mb to 264.5 mb. The upper boundary 

is therefore controlled by these two LD3-based calculations, which also strongly affect the mean 

prediction and empirical standard deviation. 

The effect of these high predictions is also visible in the mean ±1σ band. At 3.07, 5.14, and 7.21 MeV, 

the calculated lower boundary becomes formally negative because the empirical standard deviation 

exceeds the mean prediction. This mathematical result does not imply physically negative cross 

sections. Instead, it indicates that the arithmetic mean ±1σ representation is not well suited to 

describing the strongly asymmetric model distribution in this energy region. 

Since negative values cannot be represented on the logarithmic vertical axis, the corresponding lower 

boundary is not directly visible in the figure. The complete model envelope should therefore be 

considered together with the numerical covariance parameters. Overall, the full-model representation 

describes the complete spread generated by the selected TALYSworld options, but it should not be 

interpreted as a formal confidence interval or as a compact representation of the central behaviour of 

most calculations. 

Because LD3–PSF1 and LD3–PSF2 control much of the upper part of the low-energy envelope, the 

covariance band was recalculated without these two curves. The resulting representation is based on 

the remaining sixteen TALYSworld combinations and is shown in Figure 21.  
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Figure 21 – Reduced empirical model-spread representation for the ¹⁰³Rh(n,γ)¹⁰⁴Rh reaction, recalculated 

using sixteen TALYSworld combinations after excluding LD3–PSF1 and LD3–PSF2 [17], [18]. 

Experimental measurements were retrieved from EXFOR [8]. 

 

The reduced model-spread band is significantly narrower, particularly below approximately 10 MeV. 

At 1 MeV, the mean cross section decreases from 68.7 mb to 45.7 mb, while the empirical standard 

deviation decreases from 68.1 mb to 11.9 mb. Consequently, the coefficient of variation is reduced 

from 99.1% to 26.1%. 

A substantial reduction is also observed at 3.07 MeV, where the coefficient of variation decreases 

from 137.4% to 67.9%, as well as at 5.14 MeV. These changes confirm that LD3–PSF1 and LD3–

PSF2 are primarily responsible for the exceptionally broad model spread in the low-energy region. 

The effect of their exclusion becomes progressively less pronounced as the neutron energy increases. 

At 9.29 MeV, the coefficient of variation decreases from 81.1% to 39.0%, while at 15.5 MeV it 

decreases from 24.9% to 7.2%. Above approximately 20 MeV, the difference between the complete 

and reduced model ensembles becomes comparatively small. The two excluded calculations therefore 

mainly affect the low- and intermediate-energy regions. 

The narrower band makes the comparison with the experimental data easier to interpret. The low-

energy measurements reported by Poenitz [27] generally remain above the reduced TALYSworld 

mean, although several points fall within or close to the minimum–maximum range. At 14–15 MeV, 

the measurements reported by Csikai and co-workers [25], [26] still lie well above the calculated 

range, while the lower experimental values at similar energies are closer to the TALYSworld 

predictions. 
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Therefore, excluding LD3–PSF1 and LD3–PSF2 substantially reduces the calculated spread but does 

not eliminate all discrepancies between the TALYSworld predictions and the experimental database. 

These discrepancies reflect both the dependence of the calculations on the selected nuclear-model 

options and the dispersion among the available experimental measurements. 

The comparison between the two bands shows that LD3–PSF1 and LD3–PSF2 are mainly responsible 

for the exceptionally large model spread observed for the ¹⁰³Rh(n,γ)¹⁰⁴Rh reaction. Once these two 

combinations are excluded, the band becomes considerably narrower and the mean prediction better 

represents the central group of the remaining TALYSworld calculations. Nevertheless, the reduced 

band remains an empirical representation of the investigated model spread and should not be 

interpreted as a formal uncertainty or confidence interval. 

 

2.6.5 Sensitivity Analysis of TALYS Model Inputs for ¹⁰³Rh 

The eighteen TALYSworld calculations for the ¹⁰³Rh(n,γ)¹⁰⁴Rh reaction were examined using the two-

factor sum-of-squares method described in Section 1.6.3 [17-19]. The analysis separates the 

contributions of the Level Density model, the Photon Strength Function model, and their interaction 

as a function of neutron energy. 

The Level Density model is the dominant source of TALYSworld model spread over most of the 

investigated energy range, from 1 MeV to approximately 20 MeV. 

 

Figure 22 – Relative contributions of the Level Density model, Photon Strength Function model, and LD–PSF 

interaction to the total spread of the eighteen TALYSworld predictions for the ¹⁰³Rh(n,γ)¹⁰⁴Rh reaction [17-19]. 
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At 1 MeV, the LD contribution accounts for approximately 64.1% of the total sum of squares, whereas 

the Photon Strength Function contribution is about 12.7%. The dominance of the Level Density model 

becomes more pronounced between approximately 3 and 17 MeV, where its contribution generally 

ranges from about 69% to 82%, reaching a maximum of approximately 81.6% at 7.21 MeV. 

Therefore, the differences among the TALYSworld predictions in this energy interval are mainly 

controlled by the selected Level Density prescription. 

The Photon Strength Function contribution remains comparatively limited throughout the low- and 

intermediate-energy regions, generally below 11% up to approximately 17.6 MeV. Its influence then 

increases markedly above 20 MeV. At 21.71 MeV, the PSF contribution reaches approximately 

49.2%, compared with 41.5% for the LD contribution. The Photon Strength Function becomes 

progressively dominant at higher energies, contributing approximately 67.8% at 23.79 MeV, 79.3% 

at 25.86 MeV, and 90.4% at 30 MeV. 

The LD–PSF interaction is not negligible in the low- and intermediate-energy regions. It contributes 

approximately 23.2% at 1 MeV and generally remains between about 16% and 20% over much of the 

energy range below 20 MeV. This indicates that part of the calculated spread cannot be attributed 

independently to either LD or PSF alone, but results from the combined effect of the two model 

choices. At higher energies, the interaction contribution progressively decreases and falls below 

approximately 6% above 24 MeV. 

Finally, the source of the TALYSworld spread changes with neutron energy. The Level Density model 

governs most of the variability up to approximately 20 MeV, while the Photon Strength Function 

becomes progressively more influential at higher energies and dominates above about 22 MeV. 
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2.7 Case Study of ²⁰⁹Bi 

The third case study concerns the ²⁰⁹Bi(n,γ)²¹⁰Bi reaction, selected as representative of the heavy-mass 

region among the neutron radiative-capture reactions considered in this work. Experimental 

measurements retrieved from EXFOR were compared with evaluated nuclear data libraries and with 

TALYSworld calculations obtained by varying the Level Density and Photon Strength Function 

models [8], [17], [18]. 

Within the investigated 1–30 MeV neutron-energy range, the experimental database retained for this 

reaction is considerably more limited than those available for the vanadium and rhodium cases [8]. 

This limited availability is consistent with the experimental difficulties associated with the decay 

properties discussed in Section 2.2. The ground-state product ²¹⁰Bi does not provide a suitable 

representative delayed gamma emission for the activation procedure adopted in the gold experiment, 

while the metastable state ²¹⁰ᵐBi has an extremely long half-life [2]. 

The experimental measurements retained in the present analysis were therefore obtained using 

prompt-gamma techniques rather than conventional delayed gamma spectrometry. The following 

sections compare these measurements with evaluated nuclear data libraries and TALYSworld 

calculations and examine the agreement and model dependence through restricted chi-square, 

empirical covariance, and sensitivity analyses. 

 

2.7.1 Experimental Data and Prompt-Gamma Measurements 

The experimental cross-section data for the ²⁰⁹Bi(n,γ)²¹⁰Bi reaction were retrieved from the EXFOR 

database [8]. Only measurements within the 1–30 MeV neutron-energy range were retained in order 

to maintain the same interval adopted for the other reactions considered in this work. 

The selected dataset consists of four low-energy measurements reported by Voignier et al. [28], 

together with one measurement reported by Budnar et al. at 14.1 MeV [29]. Consequently, only five 

experimental cross-section values were retained for the present bismuth analysis. 

A conventional delayed activation measurement requires the target to be irradiated and subsequently 

transferred to a detector, where radiation emitted by the decay of the activation product is measured. 

This procedure is most suitable when the reaction product has a practical half-life and emits a 

sufficiently intense and identifiable delayed gamma ray. 

For the bismuth reaction, the ground-state product ²¹⁰Bi has a half-life compatible with delayed 

measurement, but its dominant β⁻ decay does not provide a suitable representative gamma line for the 

same type of gamma-spectrometric procedure adopted for ¹⁹⁸Au. The metastable product ²¹⁰ᵐBi is 
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associated with gamma emissions, but its extremely long half-life makes the activity induced during 

a realistic irradiation period impractically low [2]. 

The measurements retained in this work were instead obtained using prompt-gamma spectrometry. 

In this method, the detected photons are emitted during the rapid de-excitation of the compound 

nucleus following neutron capture, rather than during the later radioactive decay of the activation 

product. The gamma radiation is therefore measured during irradiation, in direct association with the 

neutron-capture event [30]. 

Prompt-gamma analysis is particularly valuable when neutron capture does not produce a 

radionuclide with suitable delayed gamma emissions. However, it requires a dedicated in-beam 

experimental configuration. Reliable results depend on the characterization of the neutron field and 

detector efficiency, the reconstruction of the capture-gamma spectrum, and corrections for 

background, gamma attenuation, neutron scattering, and other experimental effects. 

The limited number of retained measurements and the substantial separation between the low-energy 

Voignier dataset and the single high-energy Budnar value must be considered when interpreting the 

following comparisons. 

 

2.7.2 Comparison between EXFOR Data and Evaluated Libraries 

The experimental cross-section data for the ²⁰⁹Bi(n,γ)²¹⁰Bi reaction were retrieved from the EXFOR 

database [8] and compared with six evaluated nuclear data libraries: ENDF/B-VIII.0, JEFF-3.3, 

JENDL-5, TENDL-2023, ROSFOND-2010, and CENDL-3.2 [9-14]. Each evaluated curve was 

interpolated at the corresponding experimental neutron energies using the procedure described in 

Section 2.4. 
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Figure 23 – Comparison between the experimental measurements reported by Voignier et al. [28] and Budnar 

et al. [29], retrieved from the EXFOR database [8], and evaluated nuclear data libraries [9-14] for the 

²⁰⁹Bi(n,γ)²¹⁰Bi reaction. 

 

Within the investigated 1–30 MeV neutron-energy range, the retained experimental dataset consists 

of four low-energy measurements reported by Voignier et al. [28] and one measurement at 14.1 MeV 

reported by Budnar et al. [29]. This limited and non-uniform energy coverage must be considered 

when interpreting both the graphical comparison and the statistical indicators. 

The Voignier measurements show an increase in the capture cross section between 1 and 3 MeV. In 

this region, TENDL-2023 and ROSFOND-2010 most closely reproduce both the magnitude and the 

increasing experimental trend. CENDL-3.2 also remains close to several of these measurements, 

whereas ENDF/B-VIII.0, JEFF-3.3, and JENDL-5 increasingly underestimate the experimental cross 

section toward 3 MeV. 

At higher energy, ENDF/B-VIII.0 provides the closest agreement with the Budnar measurement at 

14.1 MeV. JEFF-3.3 and JENDL-5 also remain relatively close to the experimental value, although 

both underestimate it. TENDL-2023 produces a more pronounced underestimation, whereas 

ROSFOND-2010 and CENDL-3.2 overestimate the measured cross section. 

The relative performance of the evaluated libraries changes across the investigated energy range. 

TENDL-2023 and ROSFOND-2010 provide the closest descriptions of the four low-energy 
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measurements, whereas ENDF/B-VIII.0 gives the closest agreement with the single retained high-

energy measurement. 

To quantify the comparison, the relative difference between each interpolated library value and the 

corresponding EXFOR measurement was calculated. The complete point-by-point comparison is 

reported in Appendix A, while the principal statistical indicators are summarized in Table 14. 

 

  
Mean relative 

difference [%] 

Mean absolute 

relative difference 

[%] 

Median absolute 

relative difference 

[%] 

ENDF/B-VIII.0 -24.08 30.45 27.44 

JEFF-3.3 -34.92 34.92 39.34 

JENDL-5 -31.57 31.57 32.91 

TENDL-2023 -8.56 10.06 3.26 

ROSFOND-2010 13.37 19.11 6.51 

CENDL-3.2 15.34 21.09 11.12 

 

 

Table 14 – Statistical summary of the relative differences between experimental data retrieved from the 

EXFOR database [8] and evaluated nuclear data libraries [9-14] for the ²⁰⁹Bi(n,γ)²¹⁰Bi reaction. 

 

TENDL-2023 provides the lowest mean absolute relative difference, equal to 10.06%, and the lowest 

median absolute relative difference, equal to 3.26%. ROSFOND-2010 gives the second-lowest mean 

absolute relative difference, equal to 19.11%, and a median absolute relative difference of 6.51%. 

These results mainly reflect the close agreement of the two libraries with the four Voignier 

measurements, which represent most of the retained experimental dataset. 

CENDL-3.2 also provides comparatively good global indicators, with a mean absolute relative 

difference of 21.09%. ENDF/B-VIII.0 has a higher mean absolute relative difference of 30.45%, but 

gives the closest agreement with the single high-energy measurement reported by Budnar et al. 

Consequently, the global statistical indicators are dominated by the four low-energy Voignier 

measurements and do not fully describe the energy-dependent performance of the evaluated libraries. 

The negative mean relative differences obtained for ENDF/B-VIII.0, JEFF-3.3, JENDL-5, and 

TENDL-2023 indicate an average tendency to underestimate the retained experimental 
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measurements. In contrast, the positive mean relative differences obtained for ROSFOND-2010 and 

CENDL-3.2 indicate an average tendency to overestimate them. 

Overall, TENDL-2023 provides the smallest deviations across the complete selected dataset, followed 

by ROSFOND-2010 and CENDL-3.2. Nevertheless, no single evaluated library gives the best 

agreement in both the low- and high-energy regions. These conclusions should be interpreted 

cautiously because they are based on only five experimental measurements, four of which belong to 

the same low-energy dataset. 

 

2.7.3 Comparison with TALYS Calculations 

The experimental data retrieved from EXFOR [8] were also compared with TALYSworld calculations 

obtained by varying the Level Density and Photon Strength Function models [17], [18]. As for the 

previous case studies, the aim of this comparison was to evaluate the model dependence of the 

calculated capture cross section and to identify the model combinations providing the closest 

agreement with the retained experimental measurements. 

 

 

 

Figure 24 – Comparison between experimental data reported by Voignier et al. [28] and Budnar et al. [29] 

and TALYSworld calculations for the ²⁰⁹Bi(n,γ)²¹⁰Bi reaction, obtained by varying the Level Density and 

Photon Strength Function models [17], [18]. 
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Figure 24 shows that the TALYSworld calculations reproduce the general order of magnitude and the 

overall energy dependence of the retained EXFOR measurements. However, a non-negligible spread 

is observed among the different LD–PSF combinations, particularly in the low- and intermediate-

energy regions. 

Between 1 and 3 MeV, the Voignier measurements show an increasing trend of the capture cross 

section [28]. Most TALYSworld calculations reproduce this qualitative behaviour, although the 

predicted magnitude depends significantly on the selected Level Density and Photon Strength 

Function models. 

Among the tested combinations, LD6–PSF3 provides the closest agreement with the Voignier dataset. 

This calculation follows both the magnitude and the increasing trend of the four experimental 

measurements in the 1–3 MeV interval. For this reason, LD6–PSF3 was selected for the restricted 

chi-square analysis presented in Section 2.7.4. 

The TALYSworld curves also exhibit a clear model spread, especially in the low- and intermediate-

energy regions. An important feature is the behaviour of the LD3–PSF1 and LD3–PSF2 

combinations, which predict substantially lower cross-section values than the other calculations 

around the minimum of the curves. These two simulations therefore strongly influence the lower part 

of the complete model envelope and are examined separately in the reduced empirical covariance 

analysis. 

At higher energy, the experimental measurement reported by Budnar et al. at 14.1 MeV lies within 

the range of the TALYSworld predictions [29]. In this region, the different model combinations are 

more compact than in the low-energy interval, although some model-dependent spread remains 

visible. 

Overall, the direct comparison confirms that the calculated ²⁰⁹Bi(n,γ)²¹⁰Bi cross section is sensitive to 

the selected LD–PSF combination. The dependence is particularly evident below approximately 10 

MeV, while the calculations become more closely grouped at higher neutron energies. This model 

spread is examined quantitatively through the restricted chi-square, empirical covariance, and 

sensitivity analyses presented in the following sections. 

 

2.7.4 Restricted Chi-square Analysis of the LD6–PSF3 TALYS Calculation 

Since no experimental cross-section value was obtained in the present work for the ²⁰⁹Bi(n,γ)²¹⁰Bi 

reaction, the chi-square analysis was performed by comparing a selected TALYSworld calculation 

with a restricted subset of the EXFOR measurements. As discussed in Section 2.7.3, the LD6–PSF3 
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combination provides the closest agreement with the four low-energy measurements reported by 

Voignier et al. [28] and was therefore selected for the quantitative comparison. 

The analysis was restricted to the Voignier dataset in order to compare the calculation with 

measurements obtained within the same experimental campaign and over a continuous low-energy 

interval. The LD6–PSF3 curve was interpolated at the four experimental neutron energies between 1 

and 3 MeV and compared with the corresponding EXFOR values using the chi-square definition 

introduced in Section 1.6.1. 

The resulting total chi-square is: 

𝜒2 = 0.776 

 

for 𝑁 = 4 experimental points, corresponding to: 

𝜒2

𝑁
= 0.194 

 

This low value indicates that the differences between the LD6–PSF3 calculation and the selected 

Voignier measurements are small compared with the reported experimental uncertainties. This agrees 

with the graphical comparison in Section 2.7.3, where the curve follows both the magnitude and the 

increasing trend of the measurements between 1 and 3 MeV. 

However, this result should be interpreted as a restricted weighted-discrepancy indicator rather than 

as a formal goodness-of-fit test. No model parameters were fitted to the selected measurements, and 

the LD6–PSF3 combination was identified on the basis of its agreement with the same experimental 

dataset. Moreover, the analysis includes only four points from a single experimental campaign and 

does not include the high-energy measurement reported by Budnar et al. at 14.1 MeV [29]. 

The result therefore supports the local agreement of the LD6–PSF3 calculation with the Voignier 

dataset, but it does not constitute a general validation of this model combination over the complete 

1–30 MeV neutron-energy range. 

 

2.7.5 Empirical Covariance Analysis of TALYS Model Predictions for ²⁰⁹Bi 

The empirical covariance approach introduced in Section 1.6.2 was applied to the ²⁰⁹Bi(n,γ)²¹⁰Bi 

reaction using the complete ensemble of eighteen TALYSworld calculations obtained by combining 

six Level Density models with three Photon Strength Function models [17], [18]. 
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At each neutron energy, the mean cross section, empirical standard deviation, and complete 

minimum–maximum model envelope were calculated from the eighteen predictions. The resulting 

model-spread representation was compared with the experimental measurements retrieved from 

EXFOR [8] and retained in the present analysis. 

 

 

Figure 25 – Empirical model-spread representation for the ²⁰⁹Bi(n,γ)²¹⁰Bi reaction, obtained from eighteen 

TALYSworld LD–PSF combinations [17], [18] and compared with the experimental measurements reported 

by Voignier et al. [28] and Budnar et al. [29]. 

 

The TALYSworld calculations reproduce the general order of magnitude and energy dependence of 

the available experimental data. However, a broad model envelope is observed in the low-energy 

region, particularly between approximately 1 and 7 MeV. 

At 1 MeV, the mean TALYS cross section is approximately 1.52 mb, with an empirical standard 

deviation of 0.77 mb and a coefficient of variation of 50.7%. The relative model spread is largest 

around 5–7 MeV, where the coefficient of variation reaches approximately 82.6% at 5.14 MeV and 

76.7% at 7.21 MeV. These values indicate a strong dependence of the calculated capture cross section 

on the selected LD–PSF combination in this energy region. 

The four Voignier measurements between 1 and 3 MeV [28] are located within the full TALYS model 

envelope and generally above the mean prediction. This indicates that several TALYS combinations 



62 

 

underestimate the measured cross sections, although the complete ensemble covers the experimental 

trend. 

The width and asymmetry of the low-energy envelope are strongly influenced by the LD3–PSF1 and 

LD3–PSF2 calculations. These two combinations predict substantially lower cross sections than the 

remaining models, particularly near 1–3 MeV. The very low lower boundaries are determined by the 

two LD3-based calculations and also reduce the ensemble mean. 

Above approximately 9–10 MeV, the TALYS predictions become more closely grouped. The 

experimental value reported by Budnar et al. at 14.1 MeV [29] lies within the lower part of the 

complete TALYS model envelope, indicating consistency with the range generated by the investigated 

model combinations. 

 

To isolate the influence of the two low LD3-based predictions, the empirical covariance analysis was 

repeated after excluding the LD3–PSF1 and LD3–PSF2 combinations. 

 

 

Figure 26 – Reduced empirical model-spread representation for the ²⁰⁹Bi(n,γ)²¹⁰Bi reaction, recalculated 

using sixteen TALYSworld combinations after excluding LD3–PSF1 and LD3–PSF2 [17], [18], and 

compared with the experimental measurements reported by Voignier et al. [28] and Budnar et al. [29]. 
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The exclusion of LD3–PSF1 and LD3–PSF2 produces a substantial reduction of the lower part of the 

model envelope in the low-energy region. At 1 MeV, the minimum predicted cross section increases 

from approximately 0.013 to 0.685 mb, while the coefficient of variation decreases from 50.7% to 

33.8%. At 3.07 MeV, the lower envelope boundary increases from approximately 0.010 to 1.17 mb, 

and the coefficient of variation decreases from 61.8% to 47.4%. The mean cross section also increases 

from 1.52 to 1.71 mb at 1 MeV and from 3.14 to 3.53 mb at 3.07 MeV. 

The reduction is less pronounced around 5–7 MeV. At 5.14 MeV, the coefficient of variation decreases 

from approximately 82.6% to 72.4%, showing that a substantial model dependence remains even after 

the two lowest calculations are excluded. The residual spread therefore cannot be attributed 

exclusively to LD3–PSF1 and LD3–PSF2 but also reflects differences among the remaining LD–PSF 

combinations. 

The reduced mean prediction follows the low-energy experimental trend more closely, although the 

Voignier measurements remain near the upper part of the model envelope. Above approximately 9–

10 MeV, the differences between the complete and reduced ensembles become comparatively limited. 

The Budnar measurement at 14.1 MeV remains within or close to the lower part of the reduced model 

envelope. 

The reduced analysis is intended only as a diagnostic assessment of the influence of LD3–PSF1 and 

LD3–PSF2. Their exclusion is not based on an independent statistical rejection criterion, and the 

reduced band should not replace the complete eighteen-model representation. The full ensemble 

remains the primary description of the spread generated by the investigated TALYSworld options, 

while the reduced calculation clarifies the origin of the pronounced downward extension observed at 

low neutron energies. 

Overall, the empirical covariance analysis shows that the ²⁰⁹Bi(n,γ)²¹⁰Bi reaction is strongly dependent 

on the selected TALYS model combination below approximately 7 MeV. LD3–PSF1 and LD3–PSF2 

account for a substantial part of the lower extension of the model envelope, but a non-negligible 

spread remains after their exclusion. At higher energies, the TALYS predictions become more 

compact and provide a more consistent description of the available experimental information. Both 

the complete and reduced bands represent empirical model spread and should not be interpreted as 

formal confidence intervals or evaluated nuclear-data covariances. 

 

2.7.6 Sensitivity Analysis of TALYS Model Inputs for ²⁰⁹Bi 

The same two-factor sum-of-squares decomposition introduced in Section 1.6.3 was applied to the 

eighteen TALYSworld predictions for the ²⁰⁹Bi(n,γ)²¹⁰Bi reaction [17-19]. Since the methodology was 
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already described for the gold case, the present discussion focuses on the energy-dependent 

contributions of the Level Density model, the Photon Strength Function model, and their LD–PSF 

interaction. 

 

 

Figure 27 – Relative contributions of the Level Density model, Photon Strength Function model, and LD–PSF 

interaction to the total spread of the eighteen TALYSworld predictions for the ²⁰⁹Bi(n,γ)²¹⁰Bi reaction [17-19]. 

 

At low energy, the Level Density model provides the largest contribution to the TALYS spread. This 

behaviour is consistent with the covariance analysis, where the widest part of the model envelope was 

strongly influenced by specific LD-dependent combinations. 

Between approximately 3 and 9 MeV, the relative importance of the Photon Strength Function 

increases. In particular, the PSF contribution becomes dominant over part of this interval, indicating 

that the calculated capture cross section is increasingly affected by the description of gamma-ray de-

excitation. 

In the intermediate-energy region, approximately between 11 and 17 MeV, the Level Density model 

becomes dominant again. The differences among the TALYS predictions in this interval are therefore 

mainly associated with the adopted level-density prescription. 
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At higher neutron energies, above approximately 20 MeV, the Photon Strength Function becomes the 

principal source of variability, while the Level Density and interaction contributions decrease. The 

interaction term remains generally secondary, although it is not negligible in some parts of the 

intermediate-energy range. 

For ²⁰⁹Bi(n,γ)²¹⁰Bi, the dominant source of the TALYSworld model spread changes noticeably with 

neutron energy. The Level Density model is more influential at low and intermediate energies, 

whereas the Photon Strength Function becomes increasingly important at higher energies. These 

results complement the covariance analysis by identifying the model inputs responsible for the 

observed spread. 
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2.8 Case Study of ²³²Th 

The last reaction considered is ²³²Th(n,γ)²³³Th, which extends the analysis to the actinide region. The 

experimental measurements retrieved from EXFOR were compared with evaluated nuclear data 

libraries and with TALYSworld calculations obtained using different Level Density and Photon 

Strength Function models [8], [17], [18].  

Compared with the ²⁰⁹Bi(n,γ)²¹⁰Bi case, the ²³²Th(n,γ)²³³Th reaction is supported by a substantially 

larger experimental database within the investigated energy range. The available measurements cover 

both the low-energy region, where the capture cross section decreases rapidly with increasing neutron 

energy, and the higher-energy region, where the cross section reaches values of a few millibarns or 

less [8]. 

Only measurements between 1 and 30 MeV were considered, following the same energy interval used 

for the other reactions. The EXFOR data published between 1958 and 1963 were excluded because 

the later measurements available from 1976 onward already provided sufficient experimental 

coverage [8]. This chronological selection was defined before comparing the data with the evaluated 

libraries or TALYS calculations. 

 

2.8.1 Comparison between EXFOR Data and Evaluated Libraries 

The selected EXFOR measurements for the ²³²Th(n,γ)²³³Th reaction [8] were compared with five 

evaluated nuclear data libraries: ENDF/B-VIII.0, JEFF-3.3, JENDL-5, ROSFOND-2010, and 

CENDL-3.2 [9-11], [13], [14]. 

TENDL-2023 was not included in the comparison because the dataset retrieved for this reaction was 

numerically identical to the ENDF/B-VIII.0 evaluation over the investigated energy range and was 

therefore not treated as an independent curve [12]. The retrieved ENDF/B-VIII.0 and JEFF-3.3 

datasets were also numerically identical. However, both were retained because they are formally 

distributed as separate evaluated libraries and the comparison was performed independently for each 

library. 

Each evaluated curve was interpolated at the corresponding experimental neutron energies using the 

procedure described in Section 2.4. 
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Figure 28 – Comparison between experimental data retrieved from the EXFOR database [8] and evaluated 

nuclear data libraries [9-11], [13], [14] for the ²³²Th(n,γ)²³³Th reaction in the 1–30 MeV neutron-energy 

range. 

 

Between approximately 1 and 5 MeV, the measured values fall from around 100 mb to only a few 

millibarns. The evaluated libraries reproduce this general behaviour and remain close to most 

measurements, particularly below about 2 MeV.  

A larger dispersion is observed between approximately 3 and 5 MeV. Some measurements reported 

in EXFOR, including points attributed to Su Shen et al. and Bhike et al., lie below the main evaluated-

library trend [8]. These values produce comparatively large local relative differences and have a 

noticeable influence on the mean-based statistical indicators. 

Between 3 and 14 MeV, ROSFOND-2010 contains fewer tabulated energy points than the other 

libraries, resulting in a smoother interpolated trend. It does not reproduce the local minimum and the 

rise observed in the other evaluations and therefore overestimates several measurements in this 

region. 

Above approximately 8–10 MeV, the cross section decreases to values close to or below 1 mb. The 

experimental data are more dispersed in this region, although the evaluated libraries generally 

reproduce the order of magnitude of the measurements. 
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Appendix A contains the complete point-by-point results, while Table 15 reports the main statistical 

indicators. 

 

  
Mean relative 

difference [%] 

Mean absolute 

relative difference 

[%] 

Median absolute 

relative difference 

[%] 

ENDF/B-VIII.0 8.95 21.46 14.95 

JEFF-3.3 8.95 21.46 14.95 

JENDL-5 19.28 23.98 18.41 

ROSFOND-2010 32.76 40.59 10.83 

CENDL-3.2 6.72 19.91 12.84 

 

Table 15 – Statistical summary of the relative differences between experimental data retrieved from the 

EXFOR database [8] and evaluated nuclear data libraries [9-11], [13], [14] for the ²³²Th(n,γ)²³³Th reaction. 

 

CENDL-3.2 provides the lowest mean absolute relative difference, equal to 19.91%, and the smallest 

average bias, equal to 6.72%. ENDF/B-VIII.0 and JEFF-3.3 give identical statistical results because 

the retrieved datasets contain the same numerical values for this reaction. JENDL-5 shows a slightly 

larger overall deviation. ROSFOND-2010 has the lowest median absolute relative difference, 

indicating comparatively small deviations for several individual measurements. However, its 

substantially larger mean absolute relative difference shows that a limited number of larger 

discrepancies strongly affect its average performance. 

All the evaluated libraries reproduce the general energy dependence of the ²³²Th(n,γ)²³³Th cross 

section. For the selected EXFOR dataset, CENDL-3.2 gives the most balanced agreement, although 

the relative performance of the libraries still varies with neutron energy and with the local dispersion 

of the experimental measurements. 

 

2.8.2 Comparison with TALYS Calculations 

Figure 29 compares the selected EXFOR measurements [8] with eighteen TALYSworld calculations 

obtained using different Level Density and Photon Strength Function models [17], [18]. 
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Figure 29 – Comparison between experimental data retrieved from the EXFOR database [8] and 

TALYSworld calculations for the ²³²Th(n,γ)²³³Th reaction, obtained by varying the Level Density and Photon 

Strength Function models [17], [18]. 

 

The TALYSworld calculations reproduce the overall energy dependence of the ²³²Th(n,γ)²³³Th cross 

section. A pronounced decrease is observed from the low-energy region to approximately 5–7 MeV, 

followed by a minimum and a smaller structure at higher neutron energies. The EXFOR 

measurements follow the same general behaviour, although a noticeable dispersion is present among 

the different experimental datasets. 

Between approximately 1 and 4 MeV, most of the experimental measurements lie within or close to 

the range of TALYSworld predictions. However, the calculated cross section shows a marked 

dependence on the selected LD–PSF combination. In particular, the LD3-based calculations predict 

substantially higher cross-section values than most of the remaining combinations and strongly 

influence the upper part of the model range in the low-energy region. 

Most of the TALYSworld curves outside the LD3 group follow the decreasing experimental trend 

more closely. The measurements reported by Bhike et al. between approximately 1.6 and 3.7 MeV 

[31] fall within an interval where the model predictions are still clearly separated. For this reason, the 

Bhike dataset was selected for the restricted chi-square analysis in Section 2.8.3. 

Above approximately 8–10 MeV, the TALYSworld calculations become more closely grouped and 

generally reproduce the order of magnitude of the available EXFOR measurements. Some differences 
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remain between individual experimental datasets and model combinations, but the model spread is 

less pronounced than in the low-energy region. 

The calculated ²³²Th(n,γ)²³³Th cross section is particularly sensitive to the selected nuclear-model 

inputs at low and intermediate neutron energies. The influence of the LD3-based calculations on the 

complete model spread is examined further in the empirical covariance analysis presented in Section 

2.8.4. 

 

2.8.3 Restricted Chi-square Analysis of the LD4–PSF1 TALYS Calculation 

Since no thorium cross section was measured in the present work, the restricted chi-square 

comparison was based on the four measurements reported by Bhike et al. between 1.6 and 3.7 MeV 

[31]. Using a single experimental dataset avoids combining measurements obtained by different 

authors and under different experimental conditions.  

Among the eighteen TALYSworld calculations considered, LD4–PSF1 produced the lowest chi-

square value with respect to the Bhike dataset. The calculated curve was interpolated at the 

corresponding experimental neutron energies and compared with the measured cross sections using 

the chi-square definition introduced in Section 1.6.1. 

The resulting total chi-square is: 

𝜒2 = 21.81 

 

for 𝑁 = 4 experimental points, corresponding to: 

𝜒2

𝑁
= 5.45 

Although LD4–PSF1 is the closest TALYS curve to the selected Bhike dataset, the value of  
𝜒2

𝑁
  

remains considerably higher than unity. The differences between the calculation and the 

measurements are therefore large compared with the reported experimental uncertainties.  

The largest contributions to the chi-square arise from the measurements at 2.20 and 3.70 MeV. At 

2.20 MeV, the LD4–PSF1 calculation overestimates the experimental cross section, whereas at 3.70 

MeV it underestimates it. 

LD4–PSF1 gives the best local agreement with the Bhike dataset among the calculations considered, 

but significant differences remain. This local comparison does not validate the model over the 

complete 1–30 MeV neutron-energy range. 
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2.8.4 Empirical Covariance Analysis of TALYS Model Predictions for ²³²Th 

Figure 30 presents the model spread obtained from the eighteen TALYSworld LD–PSF combinations 

considered for the ²³²Th(n,γ)²³³Th reaction [17], [18], together with the experimental measurements 

retrieved from EXFOR [8]. 

 

 

Figure 30 – Empirical model-spread representation for the ²³²Th(n,γ)²³³Th reaction, obtained from eighteen 

TALYSworld LD–PSF combinations [17], [18] and compared with experimental data retrieved from EXFOR 

[8]. 

 

The mean TALYSworld prediction follows the general decrease of the capture cross section, but the 

model range remains broad below approximately 7 MeV. In this region, the three LD3-based 

calculations predict considerably higher values than most of the other combinations and largely 

determine the upper part of the envelope. 

The EXFOR measurements generally follow the same decreasing trend. Several points in the low-

energy region lie below the TALYSworld mean but remain within or close to the complete model 

envelope. Above approximately 10 MeV, the calculated curves become more closely grouped and the 

available experimental measurements generally remain within or near the predicted range. 

The band was then recalculated without LD3–PSF1, LD3–PSF2, and LD3–PSF3, leaving fifteen 

TALYSworld combinations. 



72 

 

 

Figure 31 – Reduced empirical model-spread representation for the ²³²Th(n,γ)²³³Th reaction, recalculated 

using fifteen TALYSworld combinations after excluding the three LD3-based calculations [17], [18], and 

compared with experimental data retrieved from EXFOR [8]. 

 

After removing the LD3-based calculations, the model envelope becomes considerably narrower in 

the low-energy region. The reduced mean curve provides a more representative description of the 

central group of TALYSworld predictions and follows the experimental trend more closely between 

approximately 1 and 4 MeV. 

A substantial spread nevertheless remains between approximately 3 and 7 MeV. Around 5 MeV, the 

lower boundary of the mean ±1σ band approaches the lower limit of the logarithmic vertical axis. 

This feature results from the large relative spread among the remaining model predictions and should 

not be interpreted as a physical prediction of a vanishing cross section. 

Once the LD3-based calculations are removed, the low-energy envelope becomes narrower, but the 

remaining TALYS curves still show a clear model dependence. The reduced band is therefore used 

only to isolate the influence of the LD3 group, while the complete ensemble remains the reference 

representation. Neither band should be interpreted as a formal confidence interval or as an evaluated 

nuclear-data covariance. 
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2.8.5 Sensitivity Analysis of TALYS Model Inputs for ²³²Th 

Figure 32 shows the contributions of the Level Density model, the Photon Strength Function model, 

and their interaction to the spread of the eighteen TALYSworld predictions [17-19]. 

 

 

Figure 32 – Relative contributions of the Level Density model, Photon Strength Function model, and LD–

PSF interaction to the total spread of the eighteen TALYSworld predictions for the ²³²Th(n,γ)²³³Th reaction 

[17-19]. 

 

The Level Density model dominates the calculated spread from approximately 1 to 17 MeV. This is 

also the region in which the LD3-based calculations produce the largest separation among the 

TALYSworld predictions.  

Within the same energy interval, the Photon Strength Function has a comparatively limited influence. 

The interaction between LD and PSF remains secondary, although it contributes to the model spread 

in part of the intermediate-energy region. 

A clear change in sensitivity occurs above approximately 17–18 MeV. As the neutron energy 

increases, the Level Density contribution decreases, while the Photon Strength Function becomes 

progressively more important. Above approximately 20 MeV, the PSF model represents the main 

source of variability among the TALYSworld predictions. 
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Chapter 3 – Summary and Conclusions 

3.1 Summary 

3.1.1 ¹⁹⁷Au Experiment  

The first part of this work focused on the experimental activation of natural gold through the 

¹⁹⁷Au(n,γ)¹⁹⁸Au reaction. Gold was used as activation material because natural gold is essentially 

composed of ¹⁹⁷Au and because the produced radionuclide, ¹⁹⁸Au, has favourable decay characteristics 

for delayed gamma-ray spectrometry. In particular, the 411.8 keV gamma emission of ¹⁹⁸Au provides 

a clear reference peak for activity determination. 

Two gold foils were irradiated using two Am–Be neutron sources with different activities and were 

then measured with the NaI(Tl) and LaBr₃(Ce) detectors. After checking the detector calibration and 

estimating the detector efficiencies at the 411.8 keV gamma line, the activity of each foil was 

calculated from the data extracted from the Gamwin software for the different measurements, 

including the net peak area, live time, real time, and cooling time. 

The resulting activity values were consistent within each detector, but Detector 2 generally gave lower 

values than Detector 1. This systematic difference was also reflected in the cross-section results and 

may be related to uncertainties in detector-efficiency calibration, peak fitting, and measurement 

geometry. 

The experimental cross section was calculated using the activation equation, including the estimated 

neutron flux, the number of ¹⁹⁷Au target atoms, and the saturation factor associated with the irradiation 

time. The values obtained from the different foils and detectors were of the same order of magnitude, 

mostly between about 6 and 10 mb. By combining the measurements, an effective cross section of 

8.12 ± 1.71 mb was obtained at a representative neutron energy of approximately 4.2 MeV. This result 

should be interpreted as an effective value associated with the Am–Be neutron spectrum, rather than 

as a strictly monoenergetic cross section. The Am–Be source produces a broad neutron-energy 

distribution, and the neutron flux was estimated using a simplified geometrical approach and a 

literature-based neutron yield. For this reason, the result is affected not only by counting and detector-

related uncertainties, but also by the assumptions used in the neutron-flux estimation. 

The experimental results were compared with available EXFOR measurements and evaluated nuclear 

data libraries, as well as with the simulations obtained from TALYSworld. In addition, three statistical 

analyses were performed to support the interpretation of the data: a local chi-square analysis, an 

empirical covariance analysis, and a sensitivity analysis. These approaches were used to assess the 

consistency between experimental and theoretical results and to explore the variability associated 
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with different nuclear-model inputs. The detailed discussion of the outcomes of these comparisons 

and analyses is presented in the final conclusions. 

 

3.1.2 Four Selected Radiative-Capture Reactions 

The second part of this thesis extended the analysis to four additional neutron radiative-capture 

reactions: ⁵¹V(n,γ)⁵²V, ¹⁰³Rh(n,γ)¹⁰⁴Rh, ²⁰⁹Bi(n,γ)²¹⁰Bi, and ²³²Th(n,γ)²³³Th. These reactions were 

selected to cover different mass regions, from a light nucleus to an actinide target, and were analysed 

in the neutron-energy range from 1 to 30 MeV. For each reaction, experimental data from EXFOR 

were compared with evaluated nuclear data libraries and with TALYSworld calculations obtained by 

varying the Level Density and Photon Strength Function models. 

For ⁵¹V(n,γ)⁵²V, the experimental database showed a noticeable dispersion, especially around 14–15 

MeV. The low value reported by Majumder and Mitra had a strong effect on the percentage-based 

statistical indicators, since the relative differences are normalized by the experimental cross section. 

Among the evaluated libraries, TENDL-2023 provided the lowest mean and median absolute relative 

differences for the selected dataset. The TALYSworld comparison reproduced the general decreasing 

trend of the cross section, although the agreement depended on the energy region and on the 

experimental subset considered. The LD6–PSF3 calculation was used for the restricted chi-square 

comparison with the Zaikin dataset, but the resulting value still indicated deviations larger than the 

reported experimental uncertainties. 

For ¹⁰³Rh(n,γ)¹⁰⁴Rh, the main feature of the experimental database was the strong dispersion around 

14–15 MeV. In this region, the high values reported by Csikai and co-workers were clearly separated 

from the lower experimental points available at similar energies. This strongly affected the 

comparison with the evaluated libraries, which generally tended to underestimate the selected dataset. 

Among the libraries considered, CENDL-3.2 gave the lowest mean absolute relative difference, while 

ENDF/B-VIII.0 and ROSFOND-2010 gave the lowest median absolute relative difference. In the 

TALYSworld comparison, the LD1–PSF1 calculation was selected for the restricted chi-square 

analysis against the low-energy Poenitz dataset, where it provided a reasonably close local description 

of the experimental trend. 

For ²⁰⁹Bi(n,γ)²¹⁰Bi, the retained experimental dataset was more limited than for vanadium and 

rhodium. It consisted of four low-energy measurements reported by Voignier et al. and one 

measurement at 14.1 MeV reported by Budnar et al. This limited energy coverage made the statistical 

interpretation more sensitive to the individual datasets included in the comparison. TENDL-2023 

gave the best overall statistical agreement with the retained measurements, mainly because of its close 
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agreement with the low-energy Voignier points. At higher energy, however, ENDF/B-VIII.0 was 

closer to the Budnar measurement. Among the TALYSworld calculations, LD6–PSF3 was selected 

for the restricted chi-square comparison with the Voignier dataset and provided a good local 

agreement within the reported experimental uncertainties. 

For ²³²Th(n,γ)²³³Th, the available experimental database was more extensive and covered a wider part 

of the investigated energy range. The evaluated libraries reproduced the general decrease of the cross 

section with increasing neutron energy, although local discrepancies were present where the 

experimental data were more dispersed. CENDL-3.2 provided the most balanced agreement with the 

selected EXFOR dataset, while ENDF/B-VIII.0 and JEFF-3.3 gave identical statistical results 

because the retrieved datasets were numerically the same for this reaction. In the TALYSworld 

comparison, the Bhike dataset was used for the restricted chi-square analysis, and LD4–PSF1 gave 

the closest local agreement among the tested calculations. However, the resulting chi-square value 

remained significantly larger than unity, showing that noticeable differences were still present. 

 

3.2 Conclusions 

The experimental result obtained for ¹⁹⁷Au represents the central point of the first part of this thesis. 

The effective cross section of 8.12 ± 1.71 mb, associated with a representative neutron energy of 

approximately 4.2 MeV, is lower than the main evaluated-library trend in the same energy region, but 

it remains of the same order of magnitude. This result is also particularly relevant when compared 

with the TALYSworld model spread. At the closest TALYS energy point, 4.21 MeV, the mean 

prediction of the complete nine-model ensemble is approximately 8.94 mb, very close to the 

experimental value. The point also lies within the mean ±1σ model-spread band and inside the full 

minimum–maximum model envelope. 

This agreement with the TALYS mean is an important outcome, but it should not be overinterpreted. 

The result is based on a single effective experimental point obtained with a broad Am–Be neutron 

spectrum, and therefore it cannot validate a specific nuclear model over the full energy range. Locally, 

the best agreement is obtained with the LD2-based TALYS calculations, especially LD2–PSF1, as 

also indicated by the local chi-square analysis. However, the broader covariance analysis shows that 

the experimental point is not only close to one individual curve, but also consistent with the central 

region of the complete TALYS model ensemble. This is more meaningful than selecting a single 

“best” model, because the model spread itself is part of the uncertainty in the theoretical description. 

The extension of the work to ⁵¹V, ¹⁰³Rh, ²⁰⁹Bi, and ²³²Th was not developed as a direct repetition of 

the gold activation experiment. The decay properties of the corresponding capture products make the 



78 

 

same experimental approach more complicated: some products decay too rapidly, others do not 

provide a convenient delayed gamma emission, and others would require a more dedicated low-

energy gamma-measurement setup. For this reason, the second part of the thesis was developed as an 

analytical study based on EXFOR data, evaluated libraries, and TALYSworld calculations. This 

choice allowed the same comparison tools used for gold to be applied to a wider group of reactions, 

even without performing new irradiations. 

The comparison with evaluated libraries showed that there is no single library that performs best for 

all reactions and all energy regions. The agreement depends strongly on the isotope considered, the 

neutron-energy interval, and the experimental dataset used as reference. In some cases, the statistical 

indicators were strongly affected by isolated or dispersed EXFOR measurements. This was especially 

evident when a small number of points dominated the mean relative differences. Therefore, global 

statistical indicators are useful, but they must be read together with the graphical comparison and 

with the experimental context of the data. 

The TALYSworld calculations showed an even clearer reaction dependence. The model spread was 

not uniform across the five reactions, and in several cases it was controlled by a small number of 

curves separated from the main group of simulations. A common pattern was observed for four 

isotopes out of five, including gold: the LD3-based calculations were often clearly detached from the 

other TALYS curves and strongly affected the model envelope. In gold and bismuth, LD3-based 

curves mainly influenced the lower part of the band; in rhodium and thorium, specific LD3-based 

combinations controlled the upper part of the spread. Vanadium was the main exception, since its 

low-energy spread was more strongly associated with PSF3-based calculations. 

This behaviour is important because it explains why the empirical covariance bands are often wide 

and asymmetric at low neutron energies. When a few TALYS model combinations are far from the 

others, they increase the minimum–maximum envelope and affect the mean and standard deviation 

of the ensemble. The reduced covariance analyses showed this effect clearly: after excluding the most 

detached curves, the bands became narrower and the central trend of the remaining simulations 

became easier to interpret. However, these reduced bands should be seen only as diagnostic tools. 

The full model ensemble remains necessary to represent the complete range of model behaviours 

considered in the analysis. 

The sensitivity analyses confirmed that the origin of the model spread changes with neutron energy. 

For gold and vanadium, an inversion between the dominant contributions of the Level Density model 

and the Photon Strength Function occurs around 8 MeV. For rhodium and thorium, a similar change 

appears at higher energies, around 18–20 MeV. Bismuth shows a less regular behaviour, with more 
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than one change in the dominant contribution and no single clear transition over the whole 

investigated range. This means that the role of LD and PSF cannot be generalized without considering 

both the reaction and the energy interval. 

These transitions are also connected to the shape of the TALYS bands. In the first part of the energy 

range, the calculated curves are usually more separated and the model envelope is wider. In this 

region, the Level Density model often has a strong influence, especially when one LD family is clearly 

detached from the others. At higher neutron energies, the TALYS curves tend to move closer together 

and the minimum–maximum envelope becomes narrower. In this region, the Photon Strength 

Function can become more relevant, and in some cases it becomes the dominant source of variability. 

The sensitivity analysis therefore gives a physical interpretation of the covariance bands: it does not 

only show that the models differ, but also indicates which nuclear-model input is mainly responsible 

for the difference. 

Overall, the results of this thesis show that neutron-capture cross-section analysis cannot rely on a 

single source of information. The experimental ¹⁹⁷Au result provides a direct reference point and is 

consistent with the central TALYS model-spread region at the representative Am–Be energy. The 

analytical study of ⁵¹V, ¹⁰³Rh, ²⁰⁹Bi, and ²³²Th shows that evaluated libraries, EXFOR data, and TALYS 

calculations may agree well in some regions but differ significantly in others. These differences are 

caused by both experimental-data dispersion and nuclear-model dependence. 

The empirical covariance and sensitivity analyses were therefore useful as interpretative tools. They 

should not be considered formal uncertainty evaluations, but they help identify the size of the model 

spread, the model combinations responsible for it, and the energy regions where the theoretical 

predictions are less stable. From this point of view, the main conclusion is that neutron-capture 

predictions strongly depend on the isotope and the energy region, and that experimental 

measurements, evaluated libraries, and nuclear-model calculations should be used together rather than 

treated as interchangeable sources. 

Future improvements should focus first on a better characterization of the neutron field and of the 

source-to-sample geometry. This would reduce the uncertainties associated with the neutron-flux 

estimation and would make the experimental result easier to compare with evaluated data and TALYS 

calculations. For the other reactions, dedicated experimental setups would be required, depending on 

the half-life and gamma-emission characteristics of each activation product. Even within these 

limitations, the combined approach adopted in this work provides a useful framework for connecting 

activation measurements with nuclear-data evaluation and model-uncertainty analysis. 
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Finally, measurements, evaluated nuclear-data libraries, and model calculations should be regarded 

as complementary, not interchangeable, sources of information. 
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Appendix 

Appendix A - Point-by-point comparison between EXFOR data and evaluated libraries 

 

 

Table A.1 – Point-by-point comparison for ¹⁹⁷Au(n, γ)198Au 

Target Energy [eV] σ exp [b] σ interp [b] Rel. difference [%] σ interp [b] Rel. difference [%] σ interp [b] Rel. difference [%] σ interp [b] Rel. difference [%] σ interp [b] Rel. difference [%] σ interp [b] Rel. difference [%]

Au-197 1.12E+06 0.060 0.0782 29.38 0.0776 28.31 0.0783 29.51 0.0782 29.41 0.0776 28.31 0.0766 26.78

Au-197 2.12E+06 0.041 0.0474 16.71 0.0476 17.36 0.0507 24.80 0.0474 16.76 0.0476 17.36 0.0473 16.64

Au-197 3.12E+06 0.020 0.0227 14.87 0.0228 15.46 0.0185 -6.20 0.0228 15.13 0.0228 15.46 0.0228 15.46

Au-197 4.12E+06 0.014 0.0115 -17.66 0.0115 -17.50 0.0116 -16.54 0.0115 -17.87 0.0115 -17.50 0.0115 -17.50

Au-197 1.00E+06 0.081 0.0794 -1.35 0.0798 -0.87 0.0804 -0.12 0.0794 -1.35 0.0798 -0.87 0.0803 -0.25

Au-197 1.00E+06 0.079 0.0794 0.52 0.0798 1.01 0.0804 1.78 0.0794 0.53 0.0798 1.01 0.0803 1.65

Au-197 2.00E+06 0.052 0.0530 2.00 0.0530 1.88 0.0550 5.77 0.0530 2.00 0.0530 1.88 0.0534 2.69

Au-197 2.50E+06 0.040 0.0341 -14.04 0.0342 -13.75 0.0361 -8.98 0.0341 -14.05 0.0342 -13.75 0.0334 -15.87

Au-197 3.00E+06 0.027 0.0248 -7.45 0.0248 -7.45 0.0196 -26.90 0.0248 -7.45 0.0248 -7.45 0.0248 -7.45

Au-197 1.03E+06 0.080 0.0793 -1.42 0.0793 -1.36 0.0802 -0.30 0.0793 -1.41 0.0793 -1.36 0.0794 -1.28

Au-197 1.53E+06 0.071 0.0691 -2.53 0.0691 -2.58 0.0695 -1.99 0.0686 -3.21 0.0691 -2.58 0.0675 -4.84

Au-197 2.04E+06 0.048 0.0513 6.33 0.0514 6.59 0.0536 11.27 0.0513 6.47 0.0514 6.59 0.0516 7.02

Au-197 2.44E+06 0.036 0.0357 0.17 0.0357 0.32 0.0385 8.15 0.0357 0.17 0.0357 0.32 0.0351 -1.43

Au-197 1.04E+06 0.081 0.0792 -2.19 0.0792 -2.23 0.0801 -1.11 0.0792 -2.19 0.0792 -2.23 0.0792 -2.28

Au-197 1.04E+06 0.080 0.0792 -1.00 0.0791 -1.11 0.0801 0.08 0.0792 -1.00 0.0791 -1.11 0.0790 -1.25

Au-197 1.13E+06 0.083 0.0777 -6.34 0.0772 -7.04 0.0781 -5.96 0.0778 -6.30 0.0772 -7.04 0.0763 -8.13

Au-197 1.14E+06 0.081 0.0777 -4.11 0.0771 -4.82 0.0780 -3.69 0.0777 -4.07 0.0771 -4.82 0.0762 -5.93

Au-197 1.14E+06 0.080 0.0774 -3.22 0.0769 -3.89 0.0779 -2.68 0.0775 -3.17 0.0769 -3.89 0.0760 -5.00

Au-197 1.18E+06 0.074 0.0761 2.80 0.0757 2.31 0.0771 4.16 0.0761 2.86 0.0757 2.31 0.0749 1.19

Au-197 1.19E+06 0.072 0.0757 5.16 0.0754 4.69 0.0769 6.76 0.0757 5.19 0.0754 4.69 0.0746 3.56

Au-197 1.39E+06 0.068 0.0713 4.79 0.0712 4.72 0.0725 6.65 0.0713 4.85 0.0712 4.72 0.0697 2.44

Au-197 2.70E+06 0.033 0.0287 -12.97 0.0289 -12.37 0.0294 -10.81 0.0287 -13.00 0.0289 -12.37 0.0299 -9.35

Au-197 2.03E+06 0.053 0.0515 -2.74 0.0516 -2.56 0.0539 1.61 0.0516 -2.63 0.0516 -2.56 0.0519 -2.10

Au-197 2.26E+06 0.046 0.0416 -9.57 0.0418 -9.12 0.0461 0.15 0.0416 -9.58 0.0418 -9.12 0.0411 -10.63

Au-197 2.54E+06 0.037 0.0333 -10.07 0.0333 -9.90 0.0346 -6.38 0.0333 -10.07 0.0333 -9.90 0.0327 -11.61

Au-197 2.68E+06 0.025 0.0293 17.32 0.0295 18.12 0.0300 20.09 0.0294 17.47 0.0295 18.12 0.0303 21.05

Au-197 2.93E+06 0.022 0.0252 16.00 0.0252 16.00 0.0216 -0.50 0.0252 15.95 0.0252 16.00 0.0260 19.77

Au-197 3.17E+06 0.018 0.0219 23.04 0.0220 23.63 0.0181 1.90 0.0219 23.10 0.0220 23.63 0.0220 23.63

Au-197 3.42E+06 0.016 0.0182 11.45 0.0183 12.02 0.0163 0.06 0.0182 11.46 0.0183 12.02 0.0183 12.02

Au-197 3.69E+06 0.015 0.0150 1.05 0.0150 1.39 0.0144 -2.82 0.0150 1.30 0.0150 1.39 0.0150 1.39

Au-197 3.93E+06 0.013 0.0126 -4.20 0.0127 -3.84 0.0129 -2.53 0.0127 -3.88 0.0127 -3.84 0.0127 -3.84

Au-197 4.13E+06 0.012 0.0114 -3.08 0.0115 -2.90 0.0116 -1.94 0.0114 -3.37 0.0115 -2.90 0.0115 -2.90

Au-197 4.18E+06 0.012 0.0112 -3.30 0.0112 -3.19 0.0113 -3.02 0.0112 -3.85 0.0112 -3.19 0.0112 -3.19

Au-197 4.59E+06 0.009 0.0091 3.75 0.0092 3.98 0.0091 2.99 0.0092 4.00 0.0092 3.98 0.0092 3.98

Au-197 4.87E+06 0.009 0.0079 -7.64 0.0079 -7.35 0.0080 -6.39 0.0079 -7.09 0.0079 -7.35 0.0079 -7.35

Au-197 5.26E+06 0.007 0.0067 -2.84 0.0067 -2.38 0.0069 -0.20 0.0067 -2.38 0.0067 -2.38 0.0067 -2.38

Au-197 5.58E+06 0.006 0.0059 -4.34 0.0060 -3.79 0.0061 -1.02 0.0060 -3.84 0.0060 -3.79 0.0060 -3.79

Au-197 5.90E+06 0.005 0.0050 -2.37 0.0050 -1.65 0.0053 3.51 0.0050 -1.92 0.0050 -1.65 0.0050 -1.65

Au-197 6.25E+06 0.005 0.0041 -12.79 0.0041 -11.77 0.0045 -4.81 0.0041 -11.95 0.0041 -11.77 0.0041 -11.77

Au-197 6.49E+06 0.004 0.0036 -16.40 0.0036 -16.33 0.0040 -6.88 0.0036 -16.34 0.0036 -16.33 0.0036 -16.33

Au-197 6.85E+06 0.002 0.0027 12.89 0.0028 15.12 0.0035 43.90 0.0028 15.12 0.0028 15.13 0.0028 15.13

Au-197 7.13E+06 0.002 0.0019 -16.95 0.0020 -11.01 0.0031 33.75 0.0020 -11.01 0.0020 -11.01 0.0020 -11.01

Au-197 7.26E+06 0.001 0.0015 16.52 0.0017 29.12 0.0029 123.88 0.0017 29.12 0.0017 29.13 0.0017 29.13

Au-197 7.60E+06 0.001 0.0010 19.85 0.0010 20.32 0.0025 218.54 0.0010 20.32 0.0010 20.35 0.0010 20.35

Au-197 2.12E+06 0.054 0.0476 -11.77 0.0478 -11.29 0.0508 -5.77 0.0476 -11.76 0.0478 -11.29 0.0475 -11.80

Au-197 2.27E+06 0.045 0.0414 -8.49 0.0416 -8.02 0.0458 1.28 0.0414 -8.50 0.0416 -8.02 0.0409 -9.53

Au-197 2.34E+06 0.041 0.0385 -6.00 0.0387 -5.51 0.0423 3.24 0.0386 -5.90 0.0387 -5.51 0.0382 -6.94

Au-197 2.44E+06 0.037 0.0355 -4.33 0.0356 -4.16 0.0382 3.06 0.0355 -4.32 0.0356 -4.16 0.0349 -5.91

Au-197 2.87E+06 0.026 0.0255 -2.74 0.0255 -2.73 0.0235 -10.40 0.0255 -2.78 0.0255 -2.73 0.0270 3.02

Au-197 3.24E+06 0.021 0.0209 -0.54 0.0209 -0.46 0.0176 -16.12 0.0209 -0.70 0.0209 -0.46 0.0209 -0.46

Au-197 3.59E+06 0.021 0.0161 -22.26 0.0162 -21.93 0.0151 -26.92 0.0162 -21.96 0.0162 -21.93 0.0162 -21.93

Au-197 1.19E+06 0.077 0.0758 -2.09 0.0754 -2.54 0.0769 -0.64 0.0758 -2.06 0.0754 -2.54 0.0746 -3.59

Au-197 1.49E+06 0.067 0.0697 4.09 0.0697 4.03 0.0702 4.78 0.0697 4.02 0.0697 4.03 0.0681 1.63

Au-197 2.00E+06 0.052 0.0530 2.00 0.0530 1.88 0.0550 5.77 0.0530 2.00 0.0530 1.88 0.0534 2.69

Au-197 3.00E+06 0.020 0.0248 24.02 0.0248 24.02 0.0196 -2.04 0.0248 24.01 0.0248 24.02 0.0248 24.02

Au-197 1.01E+06 0.077 0.0794 3.07 0.0796 3.42 0.0803 4.31 0.0794 3.07 0.0796 3.42 0.0800 3.88

Au-197 1.07E+06 0.085 0.0791 -6.99 0.0787 -7.47 0.0794 -6.60 0.0791 -6.99 0.0787 -7.47 0.0781 -8.08

Au-197 1.24E+06 0.073 0.0742 1.61 0.0739 1.26 0.0759 3.94 0.0744 1.96 0.0739 1.26 0.0732 0.26

Au-197 1.44E+06 0.072 0.0705 -2.13 0.0704 -2.17 0.0714 -0.90 0.0705 -2.12 0.0704 -2.17 0.0688 -4.42

Au-197 1.52E+06 0.071 0.0693 -2.40 0.0693 -2.45 0.0697 -1.85 0.0690 -2.84 0.0693 -2.45 0.0677 -4.70

Au-197 1.66E+06 0.066 0.0656 -0.59 0.0657 -0.42 0.0675 2.24 0.0651 -1.39 0.0657 -0.42 0.0644 -2.38

Au-197 1.90E+06 0.057 0.0564 -0.99 0.0566 -0.72 0.0589 3.41 0.0564 -1.00 0.0566 -0.72 0.0565 -0.88

Au-197 2.14E+06 0.050 0.0465 -6.92 0.0467 -6.51 0.0500 -0.03 0.0465 -6.95 0.0467 -6.51 0.0463 -7.34

Au-197 2.37E+06 0.039 0.0375 -3.76 0.0376 -3.48 0.0411 5.36 0.0376 -3.71 0.0376 -3.48 0.0371 -4.88

Au-197 2.73E+06 0.028 0.0278 -0.65 0.0280 0.00 0.0286 2.07 0.0279 -0.52 0.0280 0.00 0.0294 4.97

Au-197 1.00E+06 0.083 0.0794 -4.32 0.0798 -3.86 0.0804 -3.13 0.0794 -4.32 0.0798 -3.86 0.0803 -3.25

Au-197 1.20E+06 0.074 0.0755 2.11 0.0751 1.67 0.0767 3.81 0.0755 2.11 0.0751 1.67 0.0743 0.59

Au-197 1.30E+06 0.074 0.0729 -1.59 0.0728 -1.82 0.0743 0.27 0.0729 -1.63 0.0728 -1.82 0.0717 -3.19

Au-197 1.40E+06 0.071 0.0711 0.08 0.0710 0.03 0.0723 1.85 0.0711 0.14 0.0710 0.03 0.0694 -2.25

Au-197 1.50E+06 0.073 0.0696 -4.01 0.0696 -4.06 0.0700 -3.47 0.0695 -4.08 0.0696 -4.06 0.0680 -6.28

Au-197 1.70E+06 0.064 0.0640 0.08 0.0641 0.38 0.0668 4.54 0.0640 0.10 0.0641 0.38 0.0631 -1.33

Au-197 1.80E+06 0.065 0.0602 -6.76 0.0602 -6.81 0.0629 -2.66 0.0600 -7.14 0.0602 -6.81 0.0596 -7.74

Au-197 2.00E+06 0.055 0.0530 -3.74 0.0530 -3.85 0.0550 -0.18 0.0530 -3.74 0.0530 -3.85 0.0534 -3.09

Au-197 2.10E+06 0.049 0.0483 -2.26 0.0485 -1.77 0.0513 3.92 0.0483 -2.32 0.0485 -1.77 0.0484 -2.13

Au-197 2.50E+06 0.039 0.0341 -11.36 0.0342 -11.06 0.0361 -6.14 0.0341 -11.37 0.0342 -11.06 0.0334 -13.25

Au-197 3.00E+06 0.032 0.0248 -22.00 0.0248 -22.00 0.0196 -38.39 0.0248 -22.00 0.0248 -22.00 0.0248 -22.00

Au-197 3.50E+06 0.021 0.0171 -16.51 0.0171 -16.51 0.0158 -22.97 0.0171 -16.51 0.0171 -16.51 0.0171 -16.51

Au-197 1.01E+06 0.118 0.0794 -32.70 0.0796 -32.48 0.0803 -31.89 0.0794 -32.69 0.0796 -32.48 0.0799 -32.21

Au-197 1.19E+06 0.111 0.0757 -31.69 0.0753 -32.00 0.0768 -30.64 0.0757 -31.68 0.0753 -32.00 0.0745 -32.73

Au-197 1.30E+06 0.108 0.0730 -32.46 0.0728 -32.62 0.0744 -31.14 0.0730 -32.45 0.0728 -32.62 0.0719 -33.53

Au-197 1.41E+06 0.106 0.0710 -32.73 0.0709 -32.76 0.0722 -31.59 0.0710 -32.70 0.0709 -32.76 0.0693 -34.30

Au-197 1.51E+06 0.104 0.0695 -33.34 0.0694 -33.38 0.0698 -32.97 0.0693 -33.50 0.0694 -33.38 0.0678 -34.91

Au-197 1.70E+06 0.090 0.0641 -28.52 0.0643 -28.30 0.0669 -25.43 0.0641 -28.55 0.0643 -28.30 0.0632 -29.54

Au-197 2.00E+06 0.073 0.0531 -27.65 0.0530 -27.74 0.0551 -24.98 0.0531 -27.65 0.0530 -27.74 0.0535 -27.17

Au-197 2.49E+06 0.045 0.0343 -23.81 0.0344 -23.55 0.0364 -19.16 0.0343 -23.80 0.0344 -23.55 0.0336 -25.37

Au-197 3.01E+06 0.038 0.0247 -34.64 0.0247 -34.61 0.0195 -48.29 0.0247 -34.62 0.0247 -34.61 0.0247 -34.61

CENDL-3.2Au-197 experimental (n,γ)  EXFOR ENDF/B-VIII.0 JEFF-3.3 JENDL-5 TENDL-2023 ROSFOND-2010 
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Appendix B – TALYS Level Density and Photon Strength Function Models 

 

This appendix briefly summarizes the TALYS Level Density and Photon Strength Function model 

options varied in this work. The aim is not to reproduce the complete TALYS theoretical 

implementation, but to document the main nuclear model inputs used in the TALYS calculations. 

In the notation adopted throughout this thesis, LD1–LD6 correspond to the TALYS options “ldmodel 

1–ldmodel 6”, whereas PSF1–PSF3 correspond to “strength 1–strength 3”. 

In TALYS, the nuclear level density 𝜌(𝐸𝑥, 𝐽, Π)represents the number of nuclear levels per MeV at 

excitation energy 𝐸𝑥, spin 𝐽, and parity Π. The total level density is obtained by summing over spin 

and parity: 

𝜌𝑡𝑜𝑡(𝐸𝑥) = ∑ ∑ 𝜌(

Π
𝐽

𝐸𝑥, 𝐽, Π) 

 

For analytical level-density models, TALYS generally factorizes the spin- and parity-dependent level 

density as: 

𝜌(𝐸𝑥, 𝐽, Π) = 𝑃(𝐸𝑥, 𝐽, Π)𝑅(𝐸𝑥, 𝐽)𝜌𝑡𝑜𝑡(𝐸𝑥) 

 

where 𝑃(𝐸𝑥, 𝐽, Π)is the parity distribution and 𝑅(𝐸𝑥, 𝐽)is the spin distribution. In most TALYS level-

density models, parity equipartition is assumed: 

𝑃(𝐸𝑥, 𝐽, Π) =
1

2
 

 

A common expression used in the analytical models is the Fermi Gas level density: 

𝜌𝐹
𝑡𝑜𝑡(𝐸𝑥) =

1

√2𝜋𝜎

√𝜋

12

exp(2√𝑎𝑈)

𝑎1/4𝑈5/4
 

 

with: 

𝑈 = 𝐸𝑥 − Δ 
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where 𝑎is the level-density parameter, 𝜎is the spin cut-off parameter, and Δis an energy shift related 

to pairing effects. 

The Level Density options used in this work are summarized in Table B.1 according to the model 

definitions reported in the TALYS manual [18]. 

 

TALYS 

option 

Model Main formulation 

ldmodel 1 Constant Temperature + 

Fermi Gas Model 

Uses a constant-temperature expression at low excitation 

energy and the Fermi Gas expression at higher energy. 

ldmodel 2 Back-shifted Fermi Gas 

Model 

Uses the Fermi Gas formulation with a shifted excitation 

energy (U=E_x-\Delta_{BFM}). 

ldmodel 3 Generalized Superfluid 

Model 

Includes pairing correlations and describes the transition 

from superfluid behaviour at low energy to Fermi Gas 

behaviour at high energy. 

ldmodel 4 Microscopic level-density 

tables 

Based on microscopic tabulated level densities. 

ldmodel 5 Microscopic combinatorial 

level-density tables 

Based on microscopic combinatorial calculations. 

ldmodel 6 Temperature-dependent 

Gogny-HFB combinatorial 

tables 

Based on temperature-dependent Hartree-Fock-Bogoliubov 

calculations using the Gogny force. 

 

Table B.1 – TALYS Level Density models used in this work, summarized from the TALYS manual [18]. 

 

For ldmodel 1, the Constant Temperature Model uses: 

𝜌𝑇
𝑡𝑜𝑡(𝐸𝑥) =

1

𝑇
exp (

𝐸𝑥 − 𝐸0

𝑇
) 

 

at low excitation energy, while the Fermi Gas expression is used above the matching energy. For 

ldmodel 2, the Back-shifted Fermi Gas Model uses the Fermi Gas expression with: 

𝑈 = 𝐸𝑥 − Δ𝐵𝐹𝑀 
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For ldmodel 3, the Generalized Superfluid Model introduces pairing effects. In its low-energy region, 

the total level density is expressed as: 

𝜌𝐺𝑆𝑀
𝑡𝑜𝑡 (𝐸𝑥) =

1

√2𝜋𝜎

𝑒𝑆

√𝐷
 

 

where 𝑆is the entropy and 𝐷is the determinant associated with the saddle-point approximation. At 

higher excitation energy, the model returns to a Fermi Gas type expression. The models ldmodel 4, 

ldmodel 5, and ldmodel 6 are instead based on microscopic tabulated level densities; therefore, no 

single compact analytical expression is reported here. 

The Photon Strength Function describes the average probability of gamma-ray emission or 

absorption. In TALYS, the photon transmission coefficient is related to the Photon Strength Function 

by: 

𝑇𝑋ℓ(𝐸𝛾) = 2𝜋𝑓𝑋ℓ(𝐸𝛾)𝐸𝛾
2ℓ+1 

 

where 𝐸𝛾 is the gamma-ray energy, 𝑋denotes electric or magnetic radiation, and ℓis the multipolarity. 

The Photon Strength Function options used in this work are summarized in Table B.2 according to 

the model definitions reported in the TALYS manual [18]. 

 

TALYS 

option 

Model Main formulation 

strength 1 Kopecky-Uhl generalized 

Lorentzian 

Generalized Lorentzian with energy- and temperature-

dependent width. 

strength 2 Brink-Axel standard Lorentzian Standard Lorentzian description of the giant dipole 

resonance. 

strength 3 Skyrme-Hartree-Fock BCS + 

QRPA tables 

Microscopic tabulated photon strength functions. 

 

Table B.2 – TALYS Photon Strength Function models used in this work, summarized from the TALYS 

manual [18]. 

 

For strength 1, the Kopecky-Uhl generalized Lorentzian for E1 radiation is expressed as: 
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𝑓𝐸1(𝐸𝛾, 𝑇) = 𝐾𝐸1 [
𝐸𝛾Γ̃𝐸1(𝐸𝛾)

(𝐸𝛾
2−𝐸𝐸1

2 )
2

+ 𝐸𝛾
2Γ̃𝐸1

2 (𝐸𝛾)
+

0.7Γ𝐸14𝜋2𝑇2

𝐸𝐸1
5 ] 𝜎𝐸1Γ𝐸1 

with: 

Γ̃𝐸1(𝐸𝛾) = Γ𝐸1

𝐸𝛾
2 + 4𝜋2𝑇2

𝐸𝐸1
2  

 

and: 

𝑇 = √
𝐸𝑛 + 𝑆𝑛 − Δ − 𝐸𝛾

𝑎(𝑆𝑛)
 

 

where 𝐸𝑛is the incident neutron energy, 𝑆𝑛is the neutron separation energy, Δis the pairing correction, 

and 𝑎(𝑆𝑛)is the level-density parameter at the neutron separation energy. 

For strength 2, the Brink-Axel standard Lorentzian is written as: 

𝑓𝑋ℓ(𝐸𝛾) = 𝐾𝑋ℓ

𝜎𝑋ℓ𝐸𝛾Γ𝑋ℓ
2

(𝐸𝛾
2−𝐸𝑋ℓ

2 )
2

+ 𝐸𝛾
2Γ𝑋ℓ

2
 

 

where 𝜎𝑋ℓ, 𝐸𝑋ℓ, and Γ𝑋ℓare the strength, energy, and width of the giant resonance, respectively. 

For strength 3, TALYS uses microscopic Skyrme-Hartree-Fock BCS photon strength functions with 

QRPA. Since this option is implemented through tabulated microscopic strength functions, it is not 

represented by a single Lorentzian analytical expression in this appendix. 
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