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Introduction:  

A reference neutron field is defined as a permanent reproducible neutron field with well-defined 

neutron fluence rate and neutron energy spectrum. The standard reference field has neutron spectrum 

characterized employing neutron spectrum measurements by means of time-of-flight measurements. 

Historically, only one standard neutron reference field was established, 252Cf(s.f.). In 2017, 235U(n_th, 

fis) was included among neutron standards and became secondary neutron standard.  

Standard neutron fields are less rigorously characterized, but still acceptable as a measurement 

reference by a community of users. This work reports on the development of a reference neutron 

benchmark field in a special core placed in the LR-0 reactor. Fission density distribution across the 

driver core was validated to confirm the spatial distribution of the neutron field. Neutron and gamma 

spectra were precisely measured using stilbene spectrometry in this reference neutron benchmark 

field. It was observed that neutron spectrum above 6 MeV is nearly identical with 235U prompt fission 

neutron spectrum (PFNS), and it was confirmed that the gamma reactions have a negligible 

contribution to the measured neutronic quantities. Namely, the impact of the photo-nuclear reactions 

(γ,n) competing with (n,2n) in the production of the same residual nucleus was shown to be negligible.  

The precise characterization of the core is important and usable for another research as well and 

among others it can be an excellent tool for validation of neutronic properties of materials inserted 

into the center of the core or by surrounding it. As an insertion can serve sand, for example, whose 

neutronic parameters are important not only in space programs but also for spent fuel management, 

because the SiO2 is the major material of the Earth crust. Or, the most recent application was the 

validation of neutronic description of iron and stainless-steel, which is important in criticality safety 

issues as stainless steel is the major component of water moderated reactors internals.  

The essential results, namely criticality, flux distribution, neutron spectra and some of the measured 

spectral averaged cross section evaluated as spectrum-averaged cross sections (SACS) averaged in 235U 

PFNS were benchmarked in the IRPhEP database. This database is the most reliable one and is used 

for tuning of nuclear cross sections. The described field became one of the IRDFF-II reference 

benchmark neutron fields and the measured data were used for improving the newly developed IRDFF-

II neutron dosimetry library.  

It was reported in periodic report covering 1/09/2019 to 28/02/2021 that among the various possible 

experiments under consideration, priority was given to a pile noise experiment (HLUK), from which the 

delayed neutron fraction (βeff) and prompt neutron lifetime () could be inferred. Results of these 

experiments are summarized in chapter 4. 

The work summarized in this report and referred in more details in referenced journal papers 

contributed to the new releases of nuclear data libraries IRDFF-II [1], FENDL-3.2b [2], and prepared 

ENDF/B-VIII.1, where the LR-0 team members are mentioned as coauthors of the libraries. 
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1 LR-0 reactor  

The reference neutron field was found in a specifically designed core assembled in the LR-0 reactor. 

The LR-0 is a zero-power light water pool type reactor operated by the Research Centre Řež (Czech 

Republic). Continuous nominal power is 1 kW with a thermal neutron flux of about 109 cm-2∙s-1and a 

fast neutron flux (above 1 MeV) of 2×108 cm-2∙s-1. An illustration of the LR-0 reactor and a scheme of 

the core configuration for this experiment are shown in Figure 1. The first criticality was reached in 

December 1982. 

The main reactor feature that allows these experiments to be performed is the versatility of the core. 

The experiments are conducted at atmospheric pressure and room temperature. The change of the 

moderator level or control-cluster position is used to control reactor power. The LR-0 fuel elements 

are radially identical with those used in VVER NPPs, axially, the active part is shortened to 125 cm. 

 

Figure 1: Scheme of LR-0 reactor [3] 

The main objective of the projects on the LR-0 reactor is to create the experimental databases, which 

could be utilized for verification of codes and libraries used for neutronic calculations in safety analyses 

of the criticality of cores, storage, and transport-cask lattices for VVER type reactors [4]. In combination 
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with VVER-1000 Mock-Up with full scale simulators of internals, downcomer, reactor pressure vessel, 

and even biological shielding. It is also used as a validation tool in criticality issues [4], reactor dosimetry 

of internals [5], reactor pressure vessel [6], and also validation tool for mathematical models focused 

on concrete biological shielding [7].  

 

Figure 2: Radial cross-section of the core with specified enrichment, the distances are upright from 

pin [3] 

 

Figure 3: Axial section of core [3] 
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The reference benchmark neutron field was identified in a dry channel surrounded by six fuel 

assemblies enriched to 3.3 wt. %. This geometry is simple and easily to repeatable. This simplicity also 

allows usage in different validations of transport cross sections, where the studied material is inside of 

the core, or surrounds it. The radial section of used geometry is plotted in Figure 2, the axial plot in 

Figure 3 

1.1 Characterization of critical parameter  

The reactivity in the LR-0 reactor can be driven by water level as well as by control clusters with rods 

filled by B4C. These control clusters are essential in VVER-1000 Mock-Up[8], where the fuel is fully 

flooded. This fully flooded core is important for deep penetration experiments, where the upper water 

reflector decreases leakage flux, thus minimizing unwanted room effect [9].  

In smaller cores, the reactivity is driven exclusively by the water moderator level. In that case, the 

moderator level (Hcr) acts as a critical parameter. If the moderator level slightly exceeds the Hcr, the 

one-group asymptotic approximation [3] may be used to express the reactivity. 

Criticality is obtained by adjusting the moderator level (Hcr) for a given core map and enrichment of 

the fuel assemblies. When the moderator level is slightly above Hcr, reactivity may be expressed via 

one-group (asymptotic) approximation as (1) (see ref. [10]).  
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If reactivity is less than 25 ¢, Taylor expansion of relation (2) around Hcr may be used. Reactivity for 

various moderator heights above the critical level was measured using the inverse kinetics method 

with time-dependent neutron counts. The digital reactimeter and data acquisition were implemented 

using an independent EWS computer system described in [11].  
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The tolerance of the measured Hcr for the LR-0 reactor, based on level meter manufacturer technical 

data, is 0.003 cm. The total uncertainty of Hcr at the 1σ level is determined from the tolerance of the 

level meter and its calibration. The uncertainty of the level meter calibration is determined by the 

precision at which the electrical needle is positioned. This is an electric contact used for repeated level 

meter tests, which is fixed on the vessel wall at the height of 10.0 cm with the uncertainty of 0.05 cm. 

The combined uncertainty of the critical water level value Hcr, which is the uncertainty of the needle 
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level combined with uncertainty from statistical regression analysis, is approximately 0.058 cm (see 

[12]). This value is taken as the standard uncertainty for critical water-level height.  

The measured critical height was used as a parameter in the computation model describing the critical 

core. As the core is exactly critical at the experiments, experimental keff is considered as 1. When keff 

obtained using of the computation model is very close to 1, it can be assumed that the developed 

theoretical description of the core is valid in terms of criticality.  

The criticality was measured in various core arrangements (see Figure 4) containing reference case 

used for measurement of cross sections and arrangement where the core is surrounded by stainless 

steel. The experimental results are summarized in Table 1 and results of calculations in Table 2. Tests 

of the different component evaluations are in Table 3. 

 

Figure 4: The experimental configurations with various stainless steel reflector designs 

When the core is surrounded by water, good agreement is reached, confirming the accurate 

description of the driver core. However, when the core is surrounded by stainless steel notable 

discrepancies are reported. This leads to the conclusion that the stainless steel needs to improve its 

description. It’s worth noting, during testing of stilbene apparatus, neutron leakage spectrum from 

stainless steel block was measured [13]. The results confirm satisfactory performance of stainless steel 

in INDEN evaluation, which will become part of ENDF/B-VIII.1. 
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Table 1: Critical levels and following keff calculated with MCNP6 and ENDF/B-VIII.0. 

  Hcr (mm) unc. (mm) ENDF/B-VIII.0 

Water reflected core Case 1 549.39 0.41 0.99987 

4 void assemblies Case 2 621.78 0.17 0.99969 

Near baffle Case 3 540.70 0.72 0.99774 

Near baffle + steel in channels Case 4 527.47 0.04 0.99797 

 

Table 2: Keff calculated with MCNP6 and various data libraries. 

 
ENDF/B-

VIII.0 

ENDF/B-

VII.1 

ENDF/B-

VI.2 
JEFF-3.3 JENDL-4 

ROSFOND-

2010 
CENDL-3.1 

Case 1 0.99987 1.00072 0.99266 1.00092 1.00032 1.00007 0.99916 

Case 2 0.99969 1.00032 0.99253 1.00083 1.00001 0.99968 0.99894 

Case 3 0.99774 0.99838 0.99085 0.99895 0.99818 0.99769 0.99657 

Case 4 0.99797 0.99873 0.99126 0.99931 0.99843 0.99807 0.99678 

<Δkeff > 0.00095 0.00094 0.00798 0.00091 0.00081 0.00096 0.00182 

 

Table 3: Keff calculated with MCNP6 and ENDF/B-VIII.0 with changed evaluations for iron, chromium 

and oxygen. 

 Fe INDEN Fe, Cr INDEN 

Fe INDEN; O 

ENDF/B-VII.1 

Fe, Cr INDEN; O 

ENDF/B-VII.1 

Case 1 0.99985 0.99973 1.00122 1.0011 

Case 2 0.99965 0.99945 1.00099 1.00073 

Case 3 0.99772 0.99734 0.99897 0.99857 

Case 4 0.99803 0.99758 0.99936 0.99897 

<Δkeff > 0.00096 0.00122 0.00104 0.00106 
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1.2 Characterization of the neutron flux profile 

The neutron flux density spatial distribution is an important parameter describing neutron field [14], 

[15]. Especially when irradiated samples have non-point character, the field is strongly connected with 

neutron flux gradient in the sample [16].  

Neutron flux can be monitored by both active and passive methods. Monitoring by passive measures 

is highly important in applications where the active measurements are infeasible. These applications 

include, for example, absolute measurements for reactor dosimetry (e.g., behind reactor pressure 

vessel in NPP) or fusion applications. Therefore, it is necessary to use especially materials with known 

properties (namely activation cross section) in a given energy spectrum [17], [18]. In the case of the 

benchmark reference field, the profile has been characterized by means of the calculations in the 

MCNP model [19] and corresponding activation experiments.  

The reaction rates were evaluated using gamma activity determined by means of semiconductor 

gamma spectrometry. The efficiency curve has been determined by calculation using a validated 

mathematical model [16]. The model has been compiled using geometrical parameters obtained from 

radiography (see Figure 6) and experimentally determined insensitive layer [20].  

The gamma activity is determined after the irradiation using following formulas:  

𝐴(𝑃)

𝐴𝑆𝑎𝑡(𝑃)
= ∑ 𝑃𝑟𝑒𝑙

𝑖
× (1 − 𝑒−𝜆.𝑇𝐼𝑟

𝑖
) × 𝑒−𝜆.𝑇𝑒𝑛𝑑

𝑖
       (3) 

𝑞(𝑃) = (
𝐴(𝑃)

𝐴𝑆𝑎𝑡(𝑃)
)

−1

× 𝑁𝑃𝐴(𝑇𝑀) ×
𝜆

𝜀×𝜂×𝑁
×

𝑡𝑟𝑒𝑎𝑙
𝑡𝑙𝑖𝑣𝑒

(1−𝑒−𝜆.𝑇𝑚)
×

1

𝑒−𝜆.𝛥𝑇 ×
1

𝑘𝐶𝑆𝐸𝐹
× 𝑘𝑆𝑆𝐸𝐹  (4) 

where: 

𝐴(𝑃)

𝐴𝑆𝑎𝑡(𝑃)
 is relative portion of saturated activity induced during irradiation experiment, 

𝑃𝑟𝑒𝑙
𝑖  is relative power on the i-th day of irradiation, 𝑃𝑟𝑒𝑙

𝑖 =
𝑃𝑖

𝑃
, 

𝑞(𝑃) is reaction rate of activation foil during power density𝑃, 

𝑇𝑖𝑟
𝑖  is irradiation time on i-th day of irradiation, 

𝑇𝑒𝑛𝑑
𝑖  is time from the end of i-th day of irradiation to end of all irradiations, 

𝜆  is decay constant of corresponding material, 
𝑇𝑚 is the time of activation foil measurement by HPGe, 
𝛥𝑇 is the time between the end of irradiation and the start of HPGe measurement, 
𝑁𝑃𝐴(𝑇𝑚) is the measured number of counts, 
𝜀 is gamma branching ratio of activation material – depending on the material, 
𝜂 is detector efficiency - the result of MCNP calculation, 
𝑁 is number of target isotope nuclei in activation foil, 
 𝑡𝑟𝑒𝑎𝑙 is the real-time of counting system of the HPGe (= 𝑇𝑚), 

𝑡𝑙𝑖𝑣𝑒 is the live time of the counting system of the HPGe (< 𝑡𝑟𝑒𝑎𝑙), 

𝑘𝐶𝑆𝐸𝐹 is the coincidence summing effect correction, 

𝑘𝑆𝑆𝐸𝐹 is the resonance self-shielding effect correction determined by MCNP. 
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The activation foils with well-defined dosimetry reactions (58Ni(n,p), 197Au(n,γ), 181Ta(n,γ)) were placed 

in geometrically well-defined positions to the reactor core Figure 5, Figure 7. The reactions were 

selected to cover the thermal, epithermal, and fast part of neutron spectra.  

The experimental data were compared with the developed calculation model. Due to satisfactory 

agreement between both, it can be concluded that the developed model is valid in the meaning of flux 

distribution. The details can be found in [16]. The reaction rate ratio essential for spatial flux 

characterization is in Table 4. The calculated gradient for 58Ni(n,p) reaction together with C/E 

comparison is in Table 5. Due to the good agreement, it can be stated that developed calculation model 

is usable for characterization of spatial distribution of neutron flux in special core.  

 

Figure 5: Overhead view inside the LR-0 reactor with a special core without a moderator (left) and a 

dry experimental channel with activation foil holder (right) [16] 
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Figure 6: HPGe GEM35 detector radiogram used for determination of mathematical model 

 

 

Figure 7: Scheme of irradiation experiment 
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Table 4: Measured and calculated reaction rate ratio in spatial flux characterization. 

 

 

Table 5: Calculated gradient between monitoring positions and in the reference volume for the 
58Ni(n,p) reaction rates together with experimental validation during the first irradiation experiment. 

The coordinates are relative to the center of dry hexagonal channel, axially at beginning of the fission 

column. 

Position 

Pin 1 

x=4.7 y=8.14 

Pin 2 

x=4.7 y=-8.14 

Pin 3 

x=-9.4 y=0 

Pin 4 

x=0 y=0 

z=18.35 cm 1.014 1.014 1.011 0.967 

z=23.35 cm 1.042 1.047 1.042 1.042 

z=28.35 cm 1.044 1.046 1.045 1.005 

z=33.35 cm 1.006 1.007 1.004 0.965 
 C/E-1 

z=18.35 cm 0.6% 0.3% 3.0% 0.3% 

z=23.35 cm - - - - 

z=28.35 cm -2.2% 2.0% - 2.4% 

z=33.35 cm -0.8% -0.2% -0.3% -1.4% 

 

1.3 Characterization of neutron and gamma spectrum  

The knowledge of neutron spectrum is crucial for describing neutron field because neutronic cross 

section strongly depends on neutron energy. Often the spectrum is evaluated based on deconvolution 

from the set of reaction rates [21]. In the case of the LR-0 reference field, the neutron spectrum was 

measured using stilbene scintillation spectrometry [22]. As the light outputs of the scintillator coming 

from gamma and neutron reactions are different, their precise characteristics are important in the 

determination of the stilbene response function and calibration [23]. The neutrons and gammas in 

mixed fields can then be distinguished using PSD [24]. The specialists from University of Defence (Brno, 

Czech Republic) tested the developed stilbene spectrometer in a Physikalisch-Technische 

Bundesanstalt (PTB, Braunschweig, Germany) reference neutron field. An accelerator, producing 

mono-energetic neutron fields (1.2 MeV, 2.5 MeV, 5 MeV, 14.6 MeV, and 19 MeV), has been used for 

absolute sensitivity and detector response function studies [25].  

In the neutron spectra measurements, stilbene scintillator with cylindrical geometry and dimensions 

ø 10 mm × 10 mm and photomultiplier RCA 8575 were used. The separation between neutron and 

gamma pulses is performed by means of pulse shape discrimination (PSD) of the measured response. 

Pulse Shape Discrimination parameter (D) is derived by an integration algorithm, which principle lies 
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in the comparison of area limited by part of a trailing edge of the measured response (Q1) with area 

limited by the whole response (Q2). The areas Q1 and Q2, as integrals over time, are expressed in 

Equation (5), and their illustration is shown in Figure 8.  

The time offset t2 is set for the optimal discrimination properties (namely, the most significant possible 

difference in the discrimination parameter for neutrons and gammas) to about 1/10 to 1/3 of the 

trailing edge. It varies for each scintillation material (stilbene, p-terfenyl). In this way, it is possible to 

eliminate the classification mistakes caused by the dependency of the response shape on its amplitude. 

Charge Q1 is determined by an area limited by the response course within a time interval (t2, t3). The 

charge Q2 is determined by an area limited by the response course within firmly defined times t0 and 

t3. Times t0 and t3 depend on the parameters of the measuring apparatus, and time t3 is defined as the 

end of the response.  

Using PSD, energy-dependent recoil proton responses S(Ep) are evaluated. The neutron fluxes are then 

evaluated by deconvolution according to Equation (6). The response matrix of the crystal K(EN, EP) 

was determined employing Monte Carlo code NEU-7. The methodology was tested in various fields, 

especially fission reactor fields, 252Cf(s.f), and also DT generator fields [26]. 

𝑄1 = ∫ 𝑖(𝑡)𝑑𝑡,
𝑡3

𝑡2

𝑄2 = ∫ 𝑖(𝑡)𝑑𝑡
𝑡3

𝑡0

, 𝐷 =
𝑄1

𝑄2
 (5) 

𝑆(𝐸𝑝) = ∫ 𝐾(𝐸𝑁 , 𝐸𝑃)𝜙(𝐸𝑁)𝑑𝐸𝑁 (6) 

 

Figure 8: Comparison of real neutron and gamma pulses from Stilbene scintillation detector with 

marked examples of a separation boundary for integration algorithm  
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The gamma spectrum is not primary focused, but its shape is important, because in reactor 

experiments, there is often a question on the gamma effect on the purity of the experiment. Namely, 

the problem might be the contribution from (γ,n) reactions whose product is the same as those 

originating from (n,2n) reactions.  

The resulting electrons from gamma interactions are standardly used for organic scintillator 

calibration. This procedure is applicable under the assumption that the detection system, including 

crystal, photomultiplier tube, and associated electronics, is linear. The neutron calibration curve is 

determined using the gamma calibration curve (Figure 9) from the measurement using the gamma 

standards’ Compton edge energy. An example of the calibration for 60Co peaks is depicted in Figure 10. 

The linearity of the system is confirmed when the channels of the peaks and their corresponding 

energies have a linear dependence. For this measurement, the linearity is plotted in Figure 11. 

 

Figure 9: Relation between Neutron and Gamma Energy in Stilbene Detector. 
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Figure 10: Calibration of the Apparatus Spectrum using 60Co Peak. 

The electron spectrum is the blue line, the differentiation of the spectrum with visible inflections is 

the red line. Green lines show channel number settings for energy scale calibration. 

 

 

Figure 11: Linearity of Calibration (Cs line, Co line, 1H(n,γ)) UPMT=1400 V. 
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As the calibration is indirect, a question may often arise about the reliability of obtained results. Due 

to this fact the methodology has been tested in many various fields as the VR-1 reactor radial channel 

[28], Mock-Up of VVER-1000 in LR-0 reactor [29], in D-T generator neutron field [30], and radioisotope 

(Am-Be) neutron field [31], special quasi monoenergetic neutron fields near accelerators [27]. Due to 

indirect evaluation, the uncertainties of the methodology are very complicated to determine. Often, 

they are determined using some standard and comparison between the standard values and values 

obtained by the tested methodology. The bias between both can be understood as the uncertainty of 

the method itself. In this case, the bias is determined by comparing tabulated spectrum [17], [18] and 

the spectrum determined by stilbene scintillation spectrometry for 252Cf(s.f.) (Figure 12). Based on such 

agreement, in fission-like smooth spectrum, which also covers neutron spectrum in reference 

benchmark neutron field the systematic uncertainty arising from deconvolution problems is not larger 

than 5%. 

A silicon-filtered beam was developed in the LVR-15 research reactor for calibration testing. It is 

formed by the LVR-15 fission neutrons passing through one meter of single-crystalline silicon [26]. Due 

to the nature of Si cross section, the field contains several significant peaks in the fast neutron energy 

range (see Figure 13). Testing in such neutron fields is very valuable because it can reveal specific 

problems in the deconvolution matrix of the detection system, which may remain hidden in fields with 

a smooth structure and can provide a tool for proper energy calibration.  

 

 

Figure 12: Eval/E-1 of 252Cf(s.f.) for flux 1 m from point source measured with NGA-01 and ø 10 mm × 

10 mm crystal used in experiments. 
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Figure 13: Comparison of calculated and measured Si filtered fluxes. 

Using the above described and tested methodology, the neutron spectrum in reference position and 

region 1 – 14 MeV was determined, in region 0.1 – 1 MeV proportional counters were used [32]. The 

comparison between calculated and measured spectrum is plotted in Figure 14. Good agreement 

between calculation and experiment is reported. Due to such agreement, it can be concluded that the 

developed calculation model for the LR-0 reference benchmark neutron field is valid in terms of 

neutron spectrum in the reference position. 

Moreover, it was demonstrated that the neutron spectrum above 6 MeV is undistinguishable from 235U 

PFNS (see Figure 15). It means the neutrons with energy above 6 MeV have nearly the same energy 

distribution as 235U fission neutrons. It also means, using proper normalization, the integral cross 

sections of reactions induced by neutrons with energy above 6 MeV can be evaluated as integral cross 

section weighted by 235U PFNS. This is a valuable conclusion because, backwards, it allows using LR-0 

data for testing of 235U prompt fission neutron spectrum when the cross section of given dosimetry 

reactions is well known [22].  
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Figure 14: Comparison of Calculated, Measured neutron flux in the same core arrangement [33]. 

 

 
Figure 15: Identity between LR-0 and 235U PFNS in ENDF/B-VII.0, ENDF/B-VII.1 and CIELO [22] which is 

adopted in ENDF/B-VIII. 
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Figure 16: Calculated neutron and gamma fluxes in MCNP 6.2 and TRIPOLI [34]. 

The gamma spectrum in reference LR-0 field was evaluated as well. Calculation shows that gamma 

spectrum goes up to 20 MeV (see Figure 16). The experiment with newly developed gamma response 

matrix [35] focused on gamma measurement up to 13 MeV (Figure 17). The ENDF/B-VIII.0 evaluation 

is in good agreement with calculation, whereas calculations using JEFF-3.3 and JENDL-5 show 

significant deficiencies in region above 9 MeV. This result is important especially in the evaluation for 

(n,2n) reaction cross section, because it implies that the impact of the photo-nuclear reaction which 

leads to the additional production of the same residual nuclei can be reliably evaluated with ENDF/B-

VIII. The detail evaluation on effect of gamma can be found in Figure 19 and listed Table 6. Generally, 

the effect of gamma is not high, being mostly below 0.1 %. The significant exception from studied 

reactions is 197Au(n,2n), where due to the threshold of 197Au(γ,n)196Au of about 8.1 MeV the effect of 

gamma can reach up to 1 % (Figure 19 or listed in Table 6). It means that in 196Au from gold activation 

measurement about 1% of total activity is of (γ,n) origin instead of proposed (n,2n). 
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Figure 17: Comparison of measured and calculated gamma spectra in reference neutron field [35] 
 

 
Figure 18: Cross section of selected (γ,n) reactions with gamma spectrum induced by neutron capture 

on iron. 
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Figure 19: Left axis: Calculated gamma induced over the neutron induced production yields for the 

same residual isotope versus the gamma median energy γ-E50% (shown by points); the horizontal bars 

indicate the (5 – 95)% response domain. Right axis: Ratio of the absolute γ-ray and neutron spectra in 

the dry hexagonal channel of LR-0 - green histogram. The energies of γ-rays Eγ0 from (nth,γ0) on the Fe 

stable isotopes are indicated by green bars and labels 
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Table 6: Neutron and gamma induced reactions leading to the same residual nucleus [34] 

Reaction 
Ethr, 

MeV 

E50%, 

MeV 

SACS, 

mb 

Rel. Unc., 

% 

Reaction Rate, 

1/kcode 

Fraction, 

% 

 Competition between reactions (n,n’) and (γ,γ’) 
115In(n,n')115mIn 0.339 2.481 5.594E+01 1.69 1.688E-05 99.98 ± 0.00 
115In(γ,γ')115mIn 0.336 5.669 2.651E-02 0.03 4.065E-09 0.02 ± 0.00 

 Competition between reactions (n,2n) and (γ,n) 
197Au(n,2n)196Au 8.114 10.420 9.113E-01 1.93 2.749E-07 98.96 ± 0.02 
197Au(γ,n)196Au 8.072 8.992 1.892E-02 0.10 2.902E-09 1.04 ± 0.02 

93Nb(n,2n)92mNb 9.063 11.210 1.249E-01 0.88 3.767E-08 99.72 ± 0.00 
93Nb(γ,n)92mNb 8.966 9.713 6.861E-04 0.17 1.052E-10 0.28 ± 0.00 

127I(n,2n)126I 9.217 11.460 3.279E-01 3.16 9.892E-08 99.74 ± 0.01 
127I(γ,n)126I 9.144 9.773 1.690E-03 0.19 2.592E-10 0.26 ± 0.01 

55Mn(n,2n)54Mn 10.414 12.810 6.893E-02 2.48 2.080E-08 99.97 ± 0.00 
55Mn(γ,n)54Mn 10.227 12.810 3.523E-05 0.57 5.403E-12 0.03 ± 0.00 
75As(n,2n)74As 10.383 12.820 9.031E-02 6.03 2.725E-08 99.92 ± 0.00 
75As(γ,2n)74As 10.245 11.820 1.419E-04 0.42 2.176E-11 0.08 ± 0.00 

89Y(n,2n)88Y 11.612 13.780 4.816E-02 1.37 1.453E-08 99.94 ± 0.00 
89Yγ,n)88Y 11.482 15.070 5.883E-05 0.89 9.021E-12 0.06 ± 0.00 

19F(n,2n)18F 10.986 13.880 2.252E-03 3.04 6.793E-10 99.87± 0.00 
19F(γ,2n)18F 10.432 12.030 5.968E-06 0.54 9.151E-13 0.13 ± 0.00 

90Zr(n,2n)89Zr 12.103 14.290 2.948E-02 1.08 8.895E-09 99.93 ± 0.00 
90Zr(γ,n)89Zr 11.968 15.190 4.802E-05 0.91 7.364E-12 0.08 ± 0.00 

23Na(n,2n)22Na 12.965 15.410 1.072E-03 1.54 3.235E-10 99.92 ± 0.00 
23Na(γ,2n)22Na 12.216 15.730 1.727E-06 1.09 2.648E-13 0.08 ± 0.00 

 Competition between reactions (n,d+np) and (γ,p) 
58Ni(n,np+d)57Co 6.051 12.663 3.281E-02 0.28 9.898E-09 99.93 ± 0.00 

58Ni(γ,p)57Co 8.172 10.280 4.829E-05 0.28 7.404E-12 0.07 ± 0.00 

 Competition between reactions (n,α) and (γ,3He) 
63Cu(n,α)60Co 0.000 7.008 1.416E-01 3.07 4.271E-08 100.00 ± 0.00 

63Cu(γ,3He)60Co 18.861 21.250 1.812E-20 99.92 2.779E-27 0.00 ± 0.00 
54Fe(n,α)51Cr 0.000 6.909 2.560E-01 3.70 7.722E-08 100.00 ± 0.00 

54Fe(γ,3He)51Cr 19.734 21.250 9.211E-21 100.00 1.412E-27 0.00 ± 0.00 
27Al(n,α)24Na 3.249 8.482 1.889E-01 0.74 5.700E-08 100.00 ± 0.00 

27Al(γ,3He)24Na 23.710 5.523 1.232E-08 0.03 1.889E-15 0.00 ± 0.00 
51V(n,α)48Sc 2.095 10.420 9.113E-01 1.93 2.749E-07 100.00 ± 0.00 

51V(γ,3He)48Sc 22.631 - - - - - 

 

Comparing different experiments, question could arise, whether the neutron spectrum doesn’t differ 

in response to various critical levels in various arrangements. The critical level is dependent also on 

used instrumentation around core. It was shown [34], that the variations are negligible (see Figure 20) 

for studied arrangements (Table 7). 
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Figure 20: Comparison of MCNP calculated spectra in various special core arrangements together 

with related uncertainty (1 σ uncertainty level).[34] 

 

Table 7: Summary of various experiments with small foils used in SACS measurements. 

 2020 configuration 2021 configuration 2022 configuration 

 Mean 
Rel. 

unc. 
Mean 

Rel. 

unc. 
Mean 

Rel. 

unc. 

Scaling (n/s) 7.96E+11 2.3% 6.90E+11 3.0% 7.93E+11 2.6% 

Flux (cm-2∙s-1) 2.20E-4 0.1% 2.18E-4 0.1% 2.20E-4 0.0% 

Hcr. (cm) 53.553 0.01% 54.412 0.01% 53.800 0.01% 

Href. (cm) 21.750 0.05% 21.750 0.05% 22.300 0.04% 

 

1.4 Characterization of the fission density profile  

The neutron field in the developed reference benchmark neutron field is formed by neutrons emitted 

by the driver core. Due to this fact, the validation of the source term, namely spatial distribution of 

neutron emissivity is the valuable cross check of the previously validated spatial distribution of the 

neutron field in the reference volume because the neutron emission from fission is isotropic. 

The neutron spectrum in the core differs only slightly case by case; thus, the concentration of fission 

products is nearly proportional to fission density at a defined point in fuel [36]. Due to this 
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proportionality, the concentration of fission products can be simply derived from their activity after a 

defined irradiation period (3). The details of the methodology can be found in [37].  

This approach using single peak and fission products with well-defined fission yields was also reported 

in [38], [39]. It is also possible to measure the total gamma activity induced during irradiation [40]. In 

this approach, the relative fission density profile is derived by means of comparison with a reference 

fuel pin whose decay is monitored along with the measured one. The decay correction is determined 

semi-empirically because the wide integral consists of many peaks with various decay parameters, 

making an analytical solution unrealistic. 

The details of the decay corrections used in the evaluation of fission density in a single peak can be 

found in equations (7 – (12. The time evolution is plotted in Figure 21.  
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Where: 

i

jF  fission rate determined via the i-th nuclei and j-th pin; ( )tN i
 the calculated number of observed 

nuclei in fuel pin when 1 fission/s occurs, in time t after irradiation end; ( )tNPA i

j
 measured Net Peak 

Area j-th pin of the observed nuclei i and selected peak, 
i  decay constant of a selected nuclide; 

i

efficiency of HPGe for the selected gamma line of the i-th nuclide; 
i gamma branching ratio of the 

selected peak from observed nuclei i; t  start j-th pin measurement; T length of j-th pin HPGe 

measurement 

During the measurement, the detector response depends on actual activity and apparatus sensitivity 

to the measured gamma photons as  = dttAResponse .)(  . The isotope activity decays by 

decay law as TeAA .)0( −= . By integration can be obtained:  
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Figure 21: Time scheme of the measurement. 

The correction factor, considering the decay compared with the non-decay case, is then obtained just 
by division by

.. measstartup TA  Thus the correction factor is:  
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The second task is to determine a correction to decay between the start of measurement and the 
reference point. This correction is very simple, using the decay formula TeNN .)0( −= , and it is 

reflected in equation (11). Similarly, as in the previous case, when half-life is very long, no correction 
is necessary, as the T− approaches 0.  
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For correct determination of fission density, the correct determination of gamma activity is essential. 

Due to this demand, the characterization of HPGe [20] used in the fuel experiment was realized as well. 

The developed calculation model of used HPGe seems to be suitable, as related uncertainty is 

estimated from bias between standard and evaluated activity (see Figure 22, Figure 23). 
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Figure 22: Validation of HPGe detector with etalon with a set of gamma emitters (252Am, 57Co, 60Co, 
137Cs, 88Y), etalon source in the middle of collimator slit, 11.5 cm from detector cap. 

 

 

Figure 23: Validation of HPGe model with 252Eu source in geometry where HPGe is out of shielding 
and point source is 11.5 cm from detector cap (the same distance 11.5 cm is between fuel pin and 

HPGe End Cap). 
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The methodology described above was applied to the studied case of driver core surrounding the 

reference volume (see Figure 24). The obtained results are in very good agreement with the theoretical 

prediction (see Figure 25). The fission densities usable in future benchmarking are in Table 8. Based on 

such agreement it can be concluded that the fission density in the calculation model of driver core is 

in good agreement with reality.  

 

Figure 24: selection of pins where pin power was determined [41] 

 

Figure 25: C/E-1 of fission density determined for selected pins [41] 

This result is important because the spatial distribution of fission density confirms the spatial 
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formed by transmitted or scattered fission neutrons. This validity of the driver core model also allows 

using the whole core in validation issues. This is valuable as round check issue in the testing of various 

evaluations of interesting materials. It was for example stainless steel which is important structural 

material [41], or silicon oxide which is important in space reactor technology or spent fuel 

management [42], because SiO2 is the major component of earth crust and occurs in planetary rocks 

as well.  

Table 8: Fission density distribution across core per 1 neutron, (Mn foils used in normalization) 

Pin 

position 

Row 

position 
Y [cm] 

Fission density 

[fiss/s/nps] 
Rel. unc. 

1 1 34.64 1.81E-04 2.8% 

2 3 32.43 1.35E-04 2.7% 

3 7 28.02 1.85E-04 2.6% 

4 9 25.81 2.15E-04 2.6% 

5 13 21.39 2.52E-04 2.6% 

6 15 19.18 2.64E-04 2.6% 

7 19 14.77 2.55E-04 2.6% 

8 21 12.56 2.91E-04 2.6% 

17 43 -12.56 2.89E-04 2.6% 

18 45 -14.77 2.54E-04 2.7% 

19 49 -19.18 2.59E-04 2.6% 

20 51 -21.39 2.52E-04 2.7% 

21 55 -25.81 2.12E-04 2.7% 

22 57 -28.02 1.84E-04 2.7% 

23 61 -32.43 1.25E-04 2.9% 

24 63 -34.64 1.53E-04 2.8% 
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2 Reference neutron benchmark field for dosimetry cross 

section measurements 

Due to an extremely well defined neutron field with defined critical parameters, the neutron flux 

spatial distribution, and neutron spectrum in the reference benchmark neutron field, along with the 

spatial distribution of fission density of driver core, the reference field was established [43]. 

Confirmation of low effect of (γ,n) reactions additionally to the conventional path allows to neglect 

this effect. Nonnegligible production from measured reactions is only in the case of 197Au(n,2n) in 

which case, contribution of 197Au(γ,n) to conventional 197Au(n,2n) into total production of 196Au is about 

1 % which is much smaller than related uncertainties. 

Because of the undistinguishable shape of the LR-0 reference field and 235U(n_th, fiss) PFNS [14], [22] 

in the region above 6 MeV the set of reaction rate was evaluated as spectral averaged cross section 

averaged in 235U PFNS. The normalization is relatively simple, its principle is considering the share of 

identical tails in both spectra. Namely, in the evaluated ENDF/B-VIII.0 235U(nth,fiss) PFNS, about 2.566 % 

of total emitted neutrons have energy above 6 MeV. In the LR-0 spectrum only 0.714 % of neutrons 

have energy above 6 MeV. Thus, for determination of the SACS, the flux which is used for normalization 

of calculated RR must be divided by factor of 3.594 which reflects that a large amount of thermal and 

epithermal neutrons is added to the part of “true PFNS”. 

 

 

Figure 26: Graphical interpretation of similarity in LR-0 spectra and 235U(nth,f) PFNS and following flux 

normalization. 

Large set of reactions were measured (see Table 9) and using above mentioned approach they can be 

evaluated as a spectral averaged cross sections averaged in 235U PFNS [33], [43],[44], [45], [46], [47]. 
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Most of this data was adopted by a part of the IRDFF-II neutron dosimetry library [1]. They are used 

for improving cross sections because such data are usable in nuclear data evaluation [56]. 

Table 9: Summary of the. older experimental results. 

 Critical water 

level (cm) 
RR (s-1) Scaling (n/s) 

Normalized flux 

in target En > 10 

MeV (cm-2) 

Rel. unc. 

127I(n,2n) 56.08 2.785E-20 4.199E+11 7.727E-8 4.0% 
75As(n,2n) 57.36 6.395E-21 4.014E+11 6.769E-8 4.3% 
89Y(n,2n) 56.50 3.777E-21 4.037E+11 7.558E-8 3.2% 
19F(n,2n) 55.65 3.034E-22 7.316E+11 7.399E-8 4.0% 

90Zr(n,2n) 56.19 2.403E-21 3.821E+11 8.189E-8 4.0% 
23Na(n,2n) 57.20 9.327E-23 4.516E+11 7.182E-8 4.8% 

 

The newly developed reference field was benchmarked [3], [44] and now is part of the IRPhEP 

database, thus the whole experimental set is available for improving and testing new nuclear data 

libraries. The reference field itself becomes part of the prestigious world database of reference 

benchmark neutron fields under the IRDFF-II database. 

The large set of foils was measured in 2020, 2021 and 2022 (see Table 10) and detail of experimental 

setup in Table 7. The averaged values are in Table 11. The comparison with experiment is in Table 12. 

Using correction (Figure 26) in case of threshold reactions the SACS averaged in 235U(nth,f) PFNS were 

evaluated and are listed in Table 13. The agreement with IRDFF-II data is excellent. 

Table 15 presents SACS of 58Ni(n,x)57Co reaction averaged in 235U(nth,f) PFNS and quite a large set of 

measurements is available. As the results are in satisfactory agreement with IRDFF-II description, this 

reaction can be recommended as a new dosimetry reaction. A new dosimetric reaction, ⁵⁸Ni(n,x)⁵⁷Co, 

was recommended, which is especially valuable in fields with higher energy neutrons. Results 

obtained in VR-1 [59] and also in 252Cf(s.f.) [60] validate the ENDF/B-VIII.0 evaluation for the 
58Ni(n,x)57Co reaction as well. These current results are in previously reported measurements 

[52][51][49]. The suitable properties of this reaction make it a good candidate for the next update of 

the IRDFF library. This reaction will be beneficial for the reactor dosimetry field due to its long half-

life and relatively high threshold, making it a good candidate for characterization of the high-energy 

neutron fields of accelerators [61]. 

The methodology developed in LR-0 was applied in the VR-1 Czech Technical University reactor. The 

set of data was used for testing of new neutron metrology library IRDFF-II [59]. The good agreement 

confirms a good correspondence of IRDFF-II with the experiment.  

The reference field was also tested in combination with special filters [62]. This data will be 

benchmarked in the future.  
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Table 10: Summary of evaluated integral cross sections averaged in LR-0 spectrum. 

 2020 configuration 2021 configuration 2022 configuration 

Reaction Mean (b) Rel. unc. Mean (b) Rel. unc. Mean (b) Rel. unc. 
58Fe(n,γ) 2.221E-1 3.0% 2.078E-1 4.1%   

59Co(n,γ)   7.037E+0 4.1%   

Cd 197Au(n,γ)     3.693E+1 3.8% 

Cd 23Na(n,γ)     8.231E-3 3.3% 

Cd 58Fe(n,γ)     3.265E-2 3.5% 
115In(n,n')   5.800E-2 4.0% 5.848E-2 3.4% 

47Ti(n,p) 5.008E-3 3.1% 4.995E-3 4.0% 4.995E-3 3.2% 
64Zn(n,p)   1.014E-2 4.0% 1.112E-2 3.4% 
58Ni(n,p) 2.955E-2 3.0%   2.949E-2 3.2% 
54Fe(n,p) 2.191E-2 3.5%   2.167E-2 3.2% 

92Mo(n,p)92mNb 1.928E-3 3.1% 1.949E-3 4.1% 1.914E-3 3.4% 
46Ti(n,p) 2.981E-3 3.0%   2.984E-3 3.2% 
60Ni(n,p)   5.393E-4 7.2% 6.214E-4 5.9% 
63Cu(n,α) 1.405E-4 3.5%   1.382E-4 4.2% 
54Fe(n,α)     2.423E-4 10.5% 
56Fe(n,p) 2.974E-4 3.1% 2.864E-4 4.5% 2.926E-4 3.5% 
48Ti(n,p) 8.070E-5 3.2% 7.982E-5 5.0% 8.230E-5 3.2% 

24Mg(n,p)     3.929E-4 4.6% 
27Al(n,α) 1.873E-4 3.6% 1.872E-4 4.3% 1.902E-4 3.4% 
51V(n,α) 6.345E-6 3.3%   6.652E-6 3.9% 

197Au(n,2n) 9.382E-4 4.0%     

93Nb(n,2n)92mNb 1.165E-4 3.3% 1.197E-4 4.1% 1.233E-4 3.5% 
55Mn(n,2n)     6.466E-5 4.5% 

58Ni(n,x)57Co 6.30E-05 13% 6.30E-05 6% 6.81E-05 6% 
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Table 11: SACS averaged in LR-0 spectrum evaluated using the calculated neutron flux approach.  

Reaction Mean (b) Unc. 
58Fe(n,γ) 2.150E-1 4.2% 
59Co(n,γ) 7.037E+0 4.1% 

Cd 197Au(n,γ) 3.693E+1 3.8% 

Cd 23Na(n,γ) 8.231E-3 3.3% 

Cd 58Fe(n,γ) 3.265E-2 3.5% 
115In(n,n') 5.824E-2 2.7% 

47Ti(n,p) 4.999E-3 2.0% 
64Zn(n,p) 1.063E-2 5.3% 
58Ni(n,p) 2.952E-2 2.2% 
54Fe(n,p) 2.179E-2 2.4% 

92Mo(n,p)92mNb 1.930E-3 2.2% 
46Ti(n,p) 2.983E-3 2.2% 
60Ni(n,p) 5.803E-4 8.5% 
63Cu(n,α) 1.394E-4 2.9% 
54Fe(n,α) 2.423E-4 10.5% 
56Fe(n,p) 2.921E-4 2.6% 
48Ti(n,p) 8.094E-5 2.6% 

24Mg(n,p) 3.929E-4 4.6% 
27Al(n,α) 1.882E-4 2.3% 
51V(n,α) 6.498E-6 3.5% 

197Au(n,2n) 9.382E-4 4.0% 
93Nb(n,2n)92mNb 1.198E-4 3.1% 

127I(n,2n) 3.276E-4 4.0% 
55Mn(n,2n) 6.466E-5 4.5% 
75As(n,2n) 8.982E-5 4.3% 
89Y(n,2n) 4.724E-5 3.2% 
19F(n,2n) 2.139E-6 4.0% 

90Zr(n,2n) 2.931E-5 4.0% 
23Na(n,2n) 1.097E-6 4.8% 

58Ni(n,x)57Co 6.469E-5 6.4% 

In reactions marked Cd foils were covered by Cd layer. 
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Table 12: C/E-1 of SACS averaged in LR-0 spectrum compared with various calculations.  

 MCNP 6.2 TRIPOLI 
 IRDFF-II ENDF/B-VIII.0 IRDFF-II JEFF-3.1.1 

58Fe(n,γ) 2.9% 3.2% 1.0% 0.9% 
59Co(n,γ) 4.6% 4.6% 3.1% 3.4% 

Cd 197Au(n,γ) -1.1% - -0.7% 0.2% 

Cd 23Na(n,γ) 5.0% 5.4% 5.1% 3.3% 

Cd 58Fe(n,γ) 4.4% 6.1% 7.7% 7.7% 
115In(n,n') -4.0% - -3.2% - 

47Ti(n,p) 1.6% 7.3% 2.6% 9.3% 
64Zn(n,p) -0.1% -9.5% 0.9% 3.5% 
58Ni(n,p) 0.1% -1.0% 1.2% 1.6% 
54Fe(n,p) -1.9% -1.9% -0.7% -10.1% 

92Mo(n,p)92mNb -6.1% - -4.3% - 
46Ti(n,p) 2.3% -6.2% 4.7% 1.7% 
60Ni(n,p) -0.1% -7.1% 2.8% 3.0% 
63Cu(n,α) 1.6% 45.4% 4.4% 2.1% 
54Fe(n,α) 5.7% -16.2% 8.1% -42.4% 
56Fe(n,p) -0.3% -0.3% 2.7% 0.9% 
48Ti(n,p) -0.2% 17.1% 2.2% -8.2% 

24Mg(n,p) 1.6% 10.6% 4.3% 13.7% 
27Al(n,α) 0.4% 2.3% 2.9% 4.8% 
51V(n,α) 1.4% 8.7% 2.1% 2.3% 

197Au(n,2n) -2.9% -7.6% -2.8% -7.7% 
93Nb(n,2n)92mNb 4.2% - 3.0% - 

127I(n,2n) 0.1% 1.5% -1.7% 8.7% 
55Mn(n,2n) 6.7% 4.5% 0.4% 2.7% 
75As(n,2n) 0.6% 3.5% -5.4% -12.0% 
89Y(n, 2n) 2.1% 3.2% -7.5% -8.0% 
19F(n,2n) 5.6% 26.6% -4.9% 14.4% 

90Zr(n,2n) 0.9% 2.9% -10.7% -5.0% 
23Na(n,2n) -1.5% 55.2% -16.6% -17.4% 

58Ni(n,x)57Co - -4.4% - -9.1% 

In reactions marked Cd foils were covered by Cd layer. 
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Figure 27: C/E ratio for the neutron induced spectrum average cross sections (n-SACS) versus the 

neutron median energy E50%. The gray corridor area shows the total experimental uncertainties, 

the blue columns – the total uncertainties from IRDFF-II, the red area – the statistics of the simulated 

neutron spectrum. Note the change in scale of the abscissas at neutron energies below 2 MeV. 
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Table 13: Summary of SACS corrected to 235U(nth, f) PFNS and compared with IRDFF-II data. 

 Threshold energy 

(MeV) 
SACS (mb) Rel. unc. Eval./E-1 

115In(n,n') 0 209.3 2.7% -10.3% 
47Ti(n,p) 0 17.97 2.0% -0.7% 
64Zn(n,p) 0 38.21 5.3% 1.8% 
58Ni(n,p) 0 106.1 2.2% 2.0% 
54Fe(n,p) 0 78.33 2.4% -0.3% 

92Mo(n,p) 0 6.938 2.2% -3.6% 
46Ti(n,p) 1.619 10.72 2.2% 7.4% 
60Ni(n,p) 2.075 2.086 8.5% 4.5% 
63Cu(n,α) 0 0.5009 2.9% 3.3% 
54Fe(n,α) 0 0.8707 10.5% -0.7% 
56Fe(n,p) 2.966 1.050 2.6% 2.8% 
48Ti(n,p) 3.274 0.2909 2.6% 3.6% 

24Mg(n,p) 4.932 1.412 4.6% 2.6% 
27Al(n,α) 3.25 0.6764 2.3% 3.6% 
51V(n,α) 2.093 0.0234 3.5% 4.0% 

197Au(n,2n) 8.114 3.372 4.0% 0.4% 
93Nb(n,2n) 9.064 0.4307 3.1% 0.9% 
127I(n,2n) 9.217 1.177 4.0% 1.8% 

55Mn(n,2n) 10.414 0.2324 4.5% 0.0% 
75As(n,2n) 10.384 0.3228 4.3% -1.1% 
89Y(n,2n) 11.611 0.1698 3.2% 0.8% 
19F(n,2n) 10.986 0.00769 4.0% 5.9% 

90Zr(n,2n) 12.1 0.1053 4.0% -0.7% 
23Na(n,2n) 12.965 0.00394 4.8% -1.9% 

58Ni(n,x)57Co 6.051 0.2325 6.4% 2.5% a 
a this reaction is not in IRDFF-II, thus data are from ENDF/B-VIII.0 

 

Table 14: Comparison between actually measured 58Ni(n,x)57Co SACS averaged in 235U(nth.; f) and 

previously measured results. 

Reference Mean (mb) Eval./E-1 

[48] 0.216 ± 0.005 -7.1 % 

[49] 0.240 ± 0.035 3.2 % 

[50] 0.232 ± 0.005 -0.2 % 

[51] 0.253 ± 0.015 8.8 % 

[52] 0.275 ± 0.015 18.3 % 

[45] 0.239 ± 0.013 2.8 % 

[53] 0.241 ± 0.015 3.7 % 

[54] 0.226 ± 0.010 -2.9 % 
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3 Spectrum averaged cross-sections 

The cross section averaged over 235U fission spectrum is a fundamental quantity that can be used in 

the evaluation of nuclear data. Many experiments focused on the determination of Spectral Averaged 

Cross Sections (SACS) weighted in 235U Prompt Fission Neutron Spectrum (PFNS) were performed in 

light water reactors using enriched uranium fuel. In these reactors, already some amount of water 

moderator is between the uranium fuel and the irradiated sample. Due to the decreasing character of 

hydrogen cross-section, the high energy tail of the reactor spectrum in cores with water moderators 

may be harder than the pure prompt fission neutron spectrum at some specific conditions. This is, for 

the example, case of VR-1 reactor (see Figure 28). 

 
Figure 28: Comparison of VR-1 and LR-0 reactor spectra with 235U PFNS. 

The figure demonstrates the fact, that whereas LR-0 spectrum is close to 235U fission spectrum, the VR-

1 shows some differences in the region above 14 MeV. These differences in the high-energy tail of the 

fission spectrum in the LR-0 and VR-1 reactors compared to the pure 235U prompt fission neutron 

spectrum can be explained by the differences in the macroscopic cross sections of the homogenized 

cores (see Figure 29). The total cross section of the homogenized LR-0 core is higher compared to VR-

1. Also, the VR-1 homogenized cross section has decreasing character in the region above 15 MeV. The 

combination of both facts causes a non-negligible decrease in interaction rates with increasing energy 

in the VR-1. The situation in LR-0 is different because the cross section is nearly constant, and the 

oscillations from the average cross section are relatively lower (in percentage terms); thus, the 

interaction rate is nearly constant. This fact is propagated in nearly constant energy-dependent 

attenuation of high energy neutrons (> 10 MeV) in the LR-0, while in the VR-1, it decreases. Based on 

this fact a harder tail of spectrum above 15 MeV in the VR-1 reactor can be expected.  
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Figure 29: Macroscopic cross sections of VR-1 and LR-0 cores (ENDF/B-VIII.0 data [55]) 

The above presented shows the importance of the International Nuclear Data Committee conclusion 

that the purity of high energy tail of reactor spectrum must be ensured prior to evaluation as 235U 

PFNS [56]. The same report also states that spectrum averaged cross sections in fast spectrum in 

reactors where reference spectrum is not defined are more suitable for data verification/validation 

rather than for the adjustment. Their usefulness depends on the accuracy with which the spectrum is 

known. Ideally, it should be supplied with the full covariance matrix, or at least the uncertainties. It is 

the reason why integral cross section data from VR-1 reactor [53] or LVR-15 reactor were used for 

validation and verification of neutron dosimetry cross sections.  
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4 Pile noise experiment  

For safety reasons, it is important to correctly predict the kinetic behavior of LWRs in nominal or 

incidental situations. When a nuclear reactor is near criticality, the delayed neutron (DN) kinetics drive 

the neutron production. Integral parameters, such as the reactor reactivity, are calculated by 

computational tools which make the use of nuclear data library. To compare these calculation results 

to the experimental values, it is possible to use nuclear research reactors at low power in well 

characterized configurations. 

In the past years, CEA has been leading research activities focusing on producing better evaluations of 

delayed neutron nuclear data, by means of summation calculations, microscopic measurements, or 

reactor measurements. The pile noise experiment was realized in LR-0 as well [65]. “Pile noise” refers 

to a set of techniques to derive the transfer function of a nuclear reactor from the measurement of 

low frequency correlations in signals issued by neutron detectors. By fitting on a point kinetic model, 

the prompt decay constant (αp) can be obtained as well as the delayed neutron fraction (βeff) and 

prompt neutron generation time (Λ), if the reactor fission rate is known. The reactor integral fission 

rate, which was required to estimate the delayed neutron fraction, was obtained by metal foils 

activation. CVŘ derived saturated activities by gamma spectrometry on several metallic foils (Al + 1 % 

gold, Al + 0.1 % gold, nickel and cobalt) 

The core was surrounded by eight dry channels used for instrumentation and power monitoring. This 

configuration was not symmetrical since one FA had a 3.28 % enrichment, two had a 3.29 % 

enrichment and the others had a 3.30 % enrichment. The uncertainty on the enrichment is 0.01 wt%.  

Two dry tubes, labelled A and B, were loaded with the pile noise fission chambers. Tube A stayed fixed 

during all the experiments. Tube B was progressively moved away from the core up to 20 cm.  

4.1 Detectors and acquisition systems 

Two KNK15 fission chambers (containing 0.5 g of 235U, sensitivity around 0.5 (c/s)/n/cm²/s), were put 

in the dry channels A & B. In the following, they are referred to as Detector 1 and Detector 2. They 

have a diameter of 50 mm and a height of 205 mm. The precise internal geometry of the chambers is 

not known. Note that this is not a problem for the modelling of the experiment as the detectors do not 

significantly alter the neutron flux, especially when they are put in dry tubes. The fissile deposit is 

supposed to be centered at the mid-plane of the chambers. The precision on its location is around ~10 

mm, which also has a limited impact on the modelling since the deposit is long (probably around 

15 cm).  

Detector 1 was placed in dry tube B, which was mobile in the reflector, whereas Detector 2 was located 

in the core center (except during the metal foil irradiation). They were placed at the maximum flux 

plan level, with their center at a height of 225.5 mm (± 3 mm) from the bottom of the fissile column. 

Dry tube B was positioned thanks to marks drawn beforehand by the reactor operating team (see 

Figure 30). The position “0” corresponds to a contact of the dry tube with the feet of the two closest 

assemblies. For this position, the distance between the surface of the tube and the nearest pins is 

8 mm ± 1.5 mm. Other instrumented dry tubes (like the tube labelled “MK” on Figure 30, left) are 40 

mm away from the nearest pins of the fuel assemblies. 
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The CEA-developed acquisition system SPECTRON was used to digitize the neutron signals. They were 

processed and analyzed in the frequency domain, using the so-called cross-power spectrum method. 

The system’s sampling frequency is 78 kHz and it can compute on line the power spectra as well as 

display the detectors’ currents for monitoring. 

 

  

Figure 30: Left: section views of the LR-0 reference core geometry. The dry tubes labelled A and B 

were loaded with fission chambers for the purpose of the experiment. The tubes labelled PMV3 and 

MK contained neutron flux monitors. Right: Picture of the bottom of the movable dry tube B. 

4.2 Irradiation runs and flux monitoring  

The experimental campaign was divided into nine irradiation runs. Eight runs (run n°1 to run n°8) can 

be considered independent, as the reactor was shut down for a change in the core configuration. The 

last two runs (n°8 and n°9) were done consecutively, at two reactor powers, without shutting down 

the reactor. They are nonetheless considered independent in the analysis.  

Table 15 gives an overview of the configuration for each run. Runs are classified as “symmetrical”, 

when the two detectors were in opposite positions, and “non-symmetrical”, when Detector 2 was in 

the core center channel. The monitoring signals of two neutron flux detectors were recorded to allow 

rescaling the reactor power from one run to the other. “MK” refers to a boron chamber (current 

recorded in nA) and “PMV3” refers to a boron lined counter (signal in c/s). The average currents of the 

two fission chambers are also indicated along with their position.  

The current of Detector 1 shows an expected decreasing trend when it was moved away from the fuel. 

From Detector 2 (runs n°2 to n°7), one can calculate a relative spread of 0.2 %, which indicates a very 

good reproducibility of the irradiation conditions. This is also in good agreement with the preliminary 

calculations that showed that the change in the position of Detector 1 would not affect the flux in the 

central channel. Design calculations showed that the maximum variation in detection rate in 

instrumented tubes is below 1 % (Figure 31).  
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Table 15. Core configuration of the irradiation runs. 

Configuration Run Center 
Duration 

(min) 

LR-0 

Monitoring 
Detector 1 Detector 2 

MK 

(nA) 

PMV3 

(kc/s) 
Position Distance (cm) 

Signal 

(µA) 
Position 

Signal 

(µA) 

Symmetrical 1  20 507.80 359.7 Tube B 0 0.801 Tube A 0.884 

Symmetrical 8 Holder 120 512.70 360.7 Tube B 0 0.747 Tube A 0.881 

Symmetrical 9 Holder 120 3334.10 2282 Tube B 0 4.915 Tube A 5.768 

Non sym. 2 Det2 45 517.60 360.9 Tube B 0 0.811 Center 0.665 

Non sym. 7 Det2 45 517.00 361.7 Tube B 2.5 0.897 Center 0.661 

Non sym. 6 Det2 45 516.70 363.7 Tube B 5 0.798 Center  0.663 

Non sym. 3 Det2 45 515.60 363.6 Tube B 10 0.390 Center 0.662 

Non sym. 4 Det2 45 514.30 362.0 Tube B 15 0.150 Center 0.661 

Non sym. 5 Det2 45 515.90 362.5 Tube B 20 0.055 Center 0.663 

 

 

Figure 31: Variation of the microscopic 235U fission rate between two positions of dry tube B: 20 cm 

(run 5) and 0 cm (run 2). Square symbols in fuel and cross symbols in reflector. 

 

Runs n°8 and n°9 correspond to the metal foil irradiation, so the core central channel was loaded with 

the foil’s holder. This device, made of aluminum tubing, is not supposed to have any influence on the 

flux levels. It was indeed observed that Detector 2 and PMV3 do not vary from run n°1 to run n°8. 

Contrarily, there is a small, but significant, 1 % difference on MK signal. This detector also shows a 

slight variation from run n°1 to run n°2, whereas PMV3 does not vary. We conclude here that Detector 

MK was not perfectly reliable and that PMV3 (or Detector 2 when possible) is preferred for rescaling 

the reactor power.  

Between runs n°8 and n°9, the reactor power was multiplied by a factor of 6 approximately. At this 

power, detector PMV3 counting rate was so high that it was not perfectly linear due to dead time, 

showing a 3.3 % bias. For run n°9, the signal from Detector 2 was used to rescale the power level.  
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Finally, there is an unexplained 7 % difference between levels registered by Detector 1 during run n°1 

and n°8. As it will be shown in the following, the data analysis was still correct, but the results from 

Detector 1 for these two runs are suspicious.  

The central dry channel was used either to insert a fission chamber or the dosimeter foils holder (see 

Figure 32). The foils were located at z = 246 mm ± 3 mm relatively to the bottom of the fissile column, 

which was close to the core maximum flux plane in the position where the reference neutron field was 

identified [43]. The post-irradiation gamma spectrometry was carried out by CVŘ with a high purity 

Germanium detector (HPGe). Based on the mass activities, the following reaction rates (RR) were 

obtained: 197Au(n,g), 56Fe(n,p) and 58Ni(n,p). Table 16 gives the ratio of the mass activity to the saturate 

activity (The saturated mass activity normalized per activated nuclei is equal to the microscopic 

reaction rate.) For the aluminum-gold alloy foil (Al + 0.1% Au), the value was averaged over the two 

metal foils. 

By comparing measured reaction rates with those calculated with TRIPOLI-4®, the integral fission rate 

of the core was derived. Run n°9 was used as the reference because around 90 % for the neutron 

fluence came from it. The integral fission rate was estimated to be 2.72 × 1011 f/s, which corresponds 

to a reactor power of 8.7 W. Using the average signals issued by Detector PMV3 and Detector 2, the 

integral fission rate of each run was rescaled to the one run n 9. The overall relative uncertainty on the 

integral fission rate was estimated at 1.5 % (1 σ). It is driven by the efficiency calibration of the gamma 

spectrometry chain. 

 

 
Figure 32. View of the metal foils fixed to the aluminum holder. 

 

Table 16. Metal foils activities (in proportion of saturated activities), reactions rates and average core 
fission rate during Run n°9. 

Reaction 
Activity / saturated  

act. (%) 

Calculated RR 

per n. source (s-1) 
Measured RR (s-1) a 

Neutron emission rate 

(×1011
 n/s) b 

56Fe(n,p) 57.81 6.61 ×10-32 4.41 ×10-20 6.67(13) 
58Ni(n,p) 0.13 6.72 ×10-30 4.45 ×10-18 6.62(12) 

197Au(n,g) 3.46 1.12 ×10-26 7.55 ×10-15 6.72(13) 

Average neutron emission rate 6.63(9) 

Average core fission rate in Run n°9 :                                        2.72 (4) ×1011
 f/s 

a Average reaction rate during irradiation  
b Ratio of measured over calculated reaction rate = average number of source neutrons 
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4.3 Power spectral densities and associated uncertainties 

The raw signals recorded by SPECTRON were processed to produce power spectrum densities (PSDs). 

Before applying the Welch method (without windowing), the signals were decimated by a factor of 27, 

which is equivalent to resample the signal at a frequency of 610 Hz. PSDs obtained from one signal are 

called auto-PSD (APSD), whereas those obtained from two signals are called cross-PSD (CPSD). Let x 

and y be two time series of duration T, sampled at frequency Fs. Let 𝑇𝐹 and 𝑇𝐹∗ be the fast Fourier 

transform operator and its complex conjugate and let < >N be the average operator over N timeframes 

processed, then: 

𝐶𝑃𝑆𝐷(𝑥, 𝑦) =
2

𝑇 ∙ 𝐹𝑠

|〈𝑇𝐹(𝑥) ∙ 𝑇𝐹∗(𝑦)〉𝑁|                                                                                 (1) 

𝐴𝑃𝑆𝐷(𝑥) =
2

𝑇 ∙ 𝐹𝑠

 |〈𝑇𝐹(𝑥) ∙ 𝑇𝐹∗(𝑥)〉𝑁| =   
2

𝑇 ∙ 𝐹𝑠

 〈|𝑇𝐹(𝑥)|²〉𝑁                                                        (2) 

 

 

Figure 33 : APSDs and CPSD from run 8 (top) and residuals associated to the fit (bottom left). The 
distributions of residuals from APSD and CPSD are different (bottom right). 
 

A good approximation of the relative standard deviation of an APSD was 1/√𝑁, where N is the number 

of timeframes. For CPSD, the relative standard deviation was taken equal to 0.5/√𝑁. After the fit 

process, the residuals can give information on the statistics of the errors. The APSDs and CPSD obtained 

from run n°8 are displayed in Figure 33. As expected, the CPSD tends to zero when frequency tends to 

infinite but stays positive. The residuals of the fit do not show any trend and the root mean square 

error (RMSE) values of APSD fits are close to 1. The residuals distribution are shown of the bottom 
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right. A zero centered Gaussian curve fits nicely the APSD residuals. On the contrary, the residuals of 

the CPSD are not Gaussian-shaped but are better fitted with a Rayleigh distribution of parameter  σ = 1. 

The probability density function of the Rayleigh distribution is 𝑓(𝑥) =
𝑥

𝜎2 𝑒−𝑥2/(2𝜎2). 

4.4 Analytical model, data fitting and reproducibility 

In the point kinetics model, the reactor response function (or zero power transfer function) is a 

complex analytical model which embeds delayed neutron parameters as well as the prompt neutrons 

generation time and the reactivity. When interested in the prompt neutrons response, it is standard 

to simplify the model by discarding the delayed neutron terms, because their response is negligible in 

the frequency range above 1 Hz. For experiments made at critical state, the reactivity can be 

considered null. In the end, the analytical model used for fitting prompt neutron pile noise data is a 

low-pass filter (Lorentzian function), with 2 or 3 parameters, depending on whether a constant B is 

added to account for the so-called “uncorrelated” part of the signal. 

𝑃𝑆𝐷(𝜔)

𝐶𝑖 𝐶𝑗
=  

1

𝐹0

𝐷

𝛽𝑒𝑓𝑓
2  

1

1 + 𝜔2

𝛼2⁄
+ 𝐵                                                                                 (3) 

where Ci and Cj are the signals of detector i and j averaged over the experiment, F0 is the core integral 

fission rate, D is the Diven factor (𝐷 = 𝜈(𝜈 − 1)̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅ �̅�2⁄  (with ν the number of prompt neutrons per 

fission), 𝛽𝑒𝑓𝑓 is the effective delayed neutron fraction, 𝜔 is the angular frequency (in rad/s) and 𝛼 =

𝛽𝑒𝑓𝑓 Λ⁄  is the prompt decay constant.  

Note that the nuclear Diven factor D was calculated with TRIPOLI-4®/JEFF311 to be 0.877. This value 

includes the so-called nuclear part of the Diven (0.7977) and the so-called spatial multiplication factor 

(1.099). See [63][64] for details on the theory and analytical expressions. An upper-bound uncertainty 

of 2 %, which covers the calculation’s convergence, was associated to this calculated value. 

From the fitted parameters (amplitude �̂� and cut-off pulsation �̂�) with a nonlinear least-square 

algorithm, the kinetic parameters are obtained as follows: 

𝛽
𝑒𝑓𝑓

= √
𝐷

𝐹0 ∙ �̂�
                                                                                 (1) 

Λ =
𝛽𝑒𝑓𝑓

�̂�
                                                                                 (2) 

A short sensitivity study was conducted to optimize the fitting parameters, which lead us to choose a 

frequency resolution of 1 Hz and a frequency range of 150 Hz. Note that, in the end, the uncertainties 

and biases coming from the measurement and fit are negligible compared to the other sources of 

uncertainties. With these parameters, the 9 runs were fitted within Matlab (Trusted region algorithm). 

All results are given in appendix. The main APSD results for detector 2 are illustrated in Figure 34. The 

fitted amplitude was multiplied by F0, to account for the reactor power. The fitted values appear to be 

consistent with each other and no effect of the change of configuration can be seen.  

The weighted average decay constant was 201.5 rad/s, with a spread equal to 1.6 %. This was 

consistent with the estimated standard deviation (0.5 % at 1 s). The average value of amplitude was 

28846 (± 0.3 %) with a spread of 1 %. Based on these results, the average delayed neutron fraction was 
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779 pcm (± 0.2 %, 1 sigma statistical uncertainty). As it is usually observed, the statistical uncertainty 

obtained by error propagation was negligible. 

4.5 Impact of the detector’s distance in the reflector 

In the non-symmetrical configurations, when the distance between Detector 1 and the core increased, 

it was observed that the APSD (rescaled to the average current) becomes flat. This can be explained 

by the decrease in the detector’s efficiency. Because the average current drops quickly with the 

distance, the relative APSD increases (Figure 35, left). A significant difference with the reference 

measurement was observed at 10 cm and for larger distances. When the constant B was subtracted 

from the APSD (Figure 35, right), the curves tend to be consistent with respect to the uncertainties. So, 

it seems that the APSD at 20 cm is not biased but only affected by a lower signal to noise ratio. It would 

probably be possible to increase the measurement duration to counterbalance this effect, but this was 

not tested. 

The fit results with Detector 1 were found consistent with the ones of Detector 2 up to around 10 cm 

(see appendix). When Detector 1 was pushed further from the core, the results deviate greatly (for the 

amplitude) or the output uncertainty becomes very large (for the decay constant). In the case of 

symmetrical configurations, the two detectors are in good agreement, except for the first run. Since 

there is a significant difference between run n°1 and run n°8 in the average current of detector 1, we 

chose to discard the values obtained for run n°1. 

After discarding run n°1 (inconsistency), n°4 and n°5 (low efficiency), the average decay constant for 

Detector 1 was 202.4 rad/s (± 0.5 %), with a spread of 1.4 %. The amplitude was 28714 (± 0.3 %) with 

a spread of 0.8 %. The final delayed neutron fraction was 781 pcm (± 0.2 %, 1 sigma statistical 

uncertainty). This value is in excellent agreement with the one given by Detector 2, with a difference 

as small as 0.3 %. 
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Figure 34: Fit results from APSD obtained with Detector 2: decay constant and Amplitude multiplied 
by the integral fission rate. 
 

 

Figure 35: APSD of Detector 1 in non-symmetrical configurations, rescaled to the reactor power (left) 
and with constant offset subtracted (right). 
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4.6 Kinetic parameters of LR-0 reference core configuration  

By analyzing CPSD, one is supposed to produce better results than with APSD, even compared to the 

average results of two APSDs. This is because the signal of non-correlated neutrons is removed when 

calculating the PSD, as well as spurious signals (electromagnetic noise for instance) that could affect 

one detector and not the other. Therefore, the signal to noise ratio is improved.  

Detailed results are gathered in appendix. All the results are consistent with each other’s, with respect 

to the uncertainty bars. As expected, uncertainties are much greater for runs n°4 and n°5, for which 

Detector 1 was at 15 cm and 20 cm, respectively. There is also a 4% difference on the amplitude of run 

n°5 as compared to the average. This motivated us to remove these two runs from the final estimation 

of the kinetic parameters. 

The weighted averaged decay constant was found at 200.0 rad/s (± 0.4 %). The weighted amplitude 

was 28655 (± 0.2 %). The associated delayed neutron fraction was 782 pcm (± 0.1 % statistical 

uncertainty). Satisfactorily, this value is consistent with the ones obtained from the APSDs. Note that 

the statistical uncertainty is very small but nevertheless in agreement with the dispersion of the results 

(0.3 %).  

The results are summarized in Table 17, along with the overall uncertainties. The uncertainty for βeff 

and Λ include the uncertainty on the average currents (0.5 %), D (2 %) and F0 (1.5 %). In the end, the 

statistical uncertainty coming from the fit is negligible. The CPSD results show a slightly lower statistical 

uncertainty than the ones obtained from APSDs.  

An excellent agreement was obtained with preliminary calculations using MCNP6.1 associated to 

ENDF-B-VII (see Table 18). The difference between calculated and measured decay constant was found 

as low as 0.1 % ± 0.6 %. For the delayed neutron fraction, as well as for the generation time, the relative 

difference was calculated at -0.2 % ± 1.3 %. 

4.7 Conclusions and outlooks 

The first delayed neutron measurement in the reference neutron field assembled in LR-0 research 

reactor was conducted in 2022. A standard pile noise methodology was applied by CEA, using the 

double-channel current mode acquisition system SPECTRON. Measurements were done in various 

experimental configurations, for which the kinetic parameters do not change. The dispersion amongst 

the several runs was found very satisfactory, which points out the very good repeatability of the 

reactor operation. The estimated kinetic parameters (βeff = 782 ± 10 pcm and Λ = 39.1 ± 0.5 μs) were 

found very consistent with calculations using MCNP6.1 associated to ENDF-B.VII nuclear data library 

(respectively 781 pcm for the delayed neutron fraction and 39.05 μs for the neutron generation time).  

These results are very valuable complements to the characterization of LR-0 reference neutron 

benchmark field, that currently includes static parameters such as the criticality parameters, the spatial 

distribution of fission rate and, the spatial and energy distributions of the neutron field in the central 

cavity. The addition of kinetic parameters highly increases the nuclear data validation potential of LR-

0.  
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Table 17: Results for Detector 1, Detector 2 and CPSD (uncertainties are given at 1 σ). Run n°1, n°4 and 
n°5 were excluded for Detector 1. All the runs were included for Detector 2. Run n°4 and n°5 were 
excluded for the CPSD. 

Estimator APSD detector 1 APSD detector 2 CPSD 

Amplitude 28714(89) 28880(80) 28656(46) 

Decay constant 

(rad/s) 
202.4(10) 201.5(9) 200.0(7) 

Delayed neutron fraction  

(pcm) 
782(10) 779(10) 782(10) 

Generation time  

(µs) 
38.7(5) 38.7(5) 39.1(5) 

 

 

Table 18: Kinetic parameters and microscopic reaction rates calculated with MCNP6.1 and ENDFB-VII 
for Run 2 (Tube B at 0 cm) and Run 5 (Tube B at 20 cm). The convergence uncertainty is given at 1 
sigma. 

Configuration :  Run n°2 Run n°5 Relative difference 

 Value Uncertainty Value Uncertainty Value Uncertainty 

Reactivity (pcm) 153 3 285 3 - - 

αp 200.1 0.9 201.6 0.9 0.7 % 0.6 % 

βeff (pcm) 781 3 781 3 0 % 0.5 % 

Λ (µs) 39.05 0.03 38.73 0.03 -0.8 % 0.1 % 

MK Capture rate (per fission) 0.21 1.9e-5 0.209 1.9e-5 -0.25 % 0.01% 

PMV3 Capture rate (per fission) 0.093 2.8e-6 0.092 4.8e-6 -1.14 % 0.01 % 
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5 Measurements of spectrum-averaged cross sections in 

high-purity graphite moderation environment 

In purpose of development of new benchmark reference field, experiments with graphite environment 

were conducted. The unique activation foil holder (Figure 36 right) consists of four pure aluminium 

rods with a diameter of 0.8 cm assembled in defined positions. A distance between each activation 

material was set to 5 cm in each rod to prevent any neutron field disruption and possible interference 

between the materials. Irradiation of the activation foils was performed in two independent 

experiments. In the first experiment, the irradiation lasted for two days, with the first part of the 

irradiation taking 9 hours and the second part taking 7 hours. Both experiments were operated at the 

same power of approximately 5 W thermal. The second experiment was performed with such selected 

materials, whose absorption reactions are considered as a reference for thermal neutron mapping, to 

verify the thermal neutron flux distribution reconstruction. The second set of activation films was 

irradiated for 5.5 hours at approximately 5 W thermal. 

Figure 36: Photo of real arrangement in the reactor core (left side) and the activation foil holder 

(right side). 

 

  

Figure 37: Schematic of the aluminium activation foil holder – the layout in the first experiment (left) 

and the arrangement in the second experiment (right). 
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Table 19: Activation foil positioning in the activation foil holder during both experiments, (Cd) stands 

for cadmium filter. 

Axial 

position 
Holder rod S Holder rod A Holder rod B Holder rod C 

1 Cu, Au, Fe, Mn Au 1%Au, Au Au (Cd), Cu (Cd), Ta 

2 Cu, Au, Fe, Mn Au 1%Au, Au Au (Cd), Cu (Cd), Ta 

3 Cu, Au, Fe, Mn  Au 1%Au, Au Au (Cd), Ta 

4 Cu, Au, Fe, 1%Au (Cd), Mn  Au, 1%Au (Cd) 1%Au, Au Au (Cd), Ta 

5 Cu, Au, Mn Au 1% Au, 1%Au (Cd), Au Au (Cd), Ta 

6 Cu, Au, Fe, Mn Au 1%Au, Au Au (Cd), Cu (Cd), Ta 

7 Cu, Au, Fe, Mn Au 1%Au, Au Au (Cd), Cu (Cd), Ta 

 

Table 20: Reactions and parameters of analysed activation samples.  

Measured 

Nuclide 
Concentration Peak Energy (keV) HPGe Efficiency kCSEF kSSEF kSSEF in Cd 

197Au(n,γ)198Au 100% 411.8 8.22E-02 0.998 1.778 3.539 

197Au(n,γ)198Au 1% 411.8 8.22E-02 0.998 1.009 1.022 

63Cu(n,γ)64Cu 100% 511.0 6.71E-02 1.000 1.054 1.427 

58Fe(n,γ)59Fe 98% 1099.2 3.36E-02 0.988 1.062 1.067 

55Mn(n,γ)56Mn 100% 
846.7 

1810.7 
2.39E-03 

0.996 

0.990 
1.081 - 

181Ta(n,γ)182Ta 100% 
1121.0 

1221.4 
3.56E-02 

0.867 

0.940 
1.911 - 

 

Neutron spectrum was calculated at specific positions of the activation holder in two computational 

steps. First, the raw neutron spectrum at the holder location was calculated, and then the cadmium-

filtered spectrum was determined. These calculations were carried out only in MCNP6.2 code with 

ENDF/B-VII.1 nuclear data library and corresponding TSL (Thermal Scattering Library). Both calculations 

were in standard critical calculation mode with a fixed moderator level determined from critical 

experiments. Analyses of activation detectors with or without cadmium shaping filters were performed 

with 40,000 neutrons per cycle in 585,000 active cycles with 50 inactive cycles. The neutron spectrum 

was calculated for all 28 positions in the aluminium activation foil holder (four holder rods with seven 

axial irradiation positions each). The statistical uncertainty of the calculated neutron spectrum, 

reached in the central position S3 of the holder, is below 2% in each energy group in the energy range 

from 1×10-8 MeV to 3 MeV. In higher and lower energy regions, the statistical uncertainty in each 

energy group slightly rises. Obtained neutron spectrum serves as a defined neutron spectrum for 

reaction rate calculation in previously described activation materials. 

Reaction rates of all activation foils were calculated separately with a fixed neutron spectrum source 

and the exact shape of the activation detector in the separate MCNP calculation. In each calculation 

step, 1×109 source neutrons were simulated with an energy spectrum corresponding to the precise 

position in the activation foil holder. The simulated geometry was a sphere in which the previously 
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calculated neutron source spectrum was simulated. The source sphere was 8 cm in diameter, and the 

actual specific activation foil with the corresponding shape and dimensions was placed in the centre 

of the sphere. The statistical uncertainty in the calculated reaction rate was between 0.3% and 0.7%, 

depending on the activation material. The geometry of all activation detectors was calculated with and 

without the activated material. Finally, the correction factors and positions of all materials were 

determined based on the obtained reaction rates for the specific material and cavity geometry. The 

self-shielding factor was defined as the share of two reaction rates: the reaction rate obtained from 

the calculation without activation material divided by the reaction rate obtained from the calculation 

with activating material. These self-shielding correction factors were later used to modify 

experimentally obtained data and link calculation and experiment. After that, reaction rates of all 

materials used for neutron mapping in the activation foil holder and comparison with the experiment 

were manually calculated using the scalar multiplication of the calculated neutron spectrum in a 

defined position and microscopic cross-section obtained from ENDF/B-VIII.0 nuclear data library. This 

technique determines the reaction rate per atom in each activation foil. 

MCNP and Serpent were also used to calculate a wide range of the neutron spectrum. The 

ENDF/B-VIII.0 nuclear data library was used with a corresponding TSL matrix for this calculation. In the 

case of graphite, the correct TSL with 30% graphite porosity was used, which is consistent with previous 

research on graphite calculations and experiments performed on the LR-0 reactor [58]. The selected 

porosity of graphite best corresponds to the real density and structure of the graphite used for these 

experiments. The MCNP calculation performed 200,000 neutrons per cycle in 20,000 active and 50 

inactive cycles. The uncertainty of the calculated neutron spectrum is below 0.8% in energy ranges 

from 1×10-8 MeV to 3 MeV. The same task was calculated using the Serpent code. For this calculation, 

200,000 neutrons per cycle were simulated in 80,000 active cycles with 50 inactive cycles. The nuclear 

data library and other parameters such as temperature were the same as in the previous MCNP 

calculations. To reach the same uncertainty as MCNP, a higher number of simulated generations was 

chosen in Serpent simulations. The need for a larger number of computational cycles was probably 

due to the different methodology of modelling the whole system in the Serpent code compared to 

MCNP. The simulated detection volume was modelled at the centre of the graphite insertion height, 

in the axial position corresponding to the measuring point of the Stilbene detector. 

The behaviour of the neutron flux and the shape of the neutron spectrum have been described in 

previous sections of this paper by calculating the activation detector and stilbene measurements. The 

pin power distribution in the selected fuel assembly was calculated to understand better how the 

presence of graphite affects the power distribution throughout the reactor core. The pin power 

distribution was calculated across the one fuel assembly in ninety axial layers for eight defined fuel 

pins (see Figure 39) using tally F7 calculation mode. The F7 tally, as one of the standardised tallies in 

MCNP, calculates fission energy deposition averaged over all cells in units of MeV/g. Obtained results 

show averaged fission power in defined cells which directly corresponds to the neutron flux in the 

observed cell. The exact axial division can be found in the results in Figure 40. This calculation was 

performed only in MCNP as a criticality calculation with the same nuclear data library as in the previous 

calculations performed and with 100,000 neutrons in 50,000 active cycles, of which 50 cycles were 

inactive as in the previous cases. The effect of inserted graphite is described in detail in the results 

section. The obtained results of fuel assembly power shaping can be compared with core power 

distribution in the reference neutron field [34]. 
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The critical heights of moderator level (Hcr) measurements are summarised in Table 21. At this level, 

the reactor was critical, i.e., keff = 1.00000. The effect of the graphite insertion can be seen compared 

to cases without graphite. All the measurements were performed three times to achieve higher 

accuracy of the results. 

Table 21: Experimental and calculated data of critical height of the moderator level Hcr – ENDF/B-

VII.1 nuclear data library. 

Modification of central 

module 

Experimental Hcr 

[mm] 
MCNP calc. keff [-] Serpent calc. keff [-] SCALE calc. keff [-] 

With graphite insertion 391.33 ± 0.05 0.99543 ± 0.00006 0.99635 ± 0.00006 0.99569 ± 0.00005 

Empty experimental 

module 
564.23 ± 0.09 1.00140 ± 0.00005 1.00189 ± 0.00006 0.99863 ± 0.0005 

 

The difference in moderator level between the case without graphite insertion and the case with 

graphite insertion is significant, indicating that graphite is a good moderator and reflector in the 

reactor core. One can notice that the case without graphite insertion agrees better with the 

experiment than the case with graphite insertion, which may be caused by disagreement in the 

graphite microscopic cross-section or in the TSL data library (see Table 22).  

Table 22: Results from MCNP calculations from various combinations of nuclear data libraries. 

Fuel and another material library Graphite library TSL library keff [-] ± 0.00006 

ENDF/B-VII.1 ENDF/B-VII.1 / 0.99482 

ENDF/B-VII.1 ENDF/B-VII.1 ENDF/B-VII.1 0.99543 

ENDF/B-VII.1 ENDF/B-VII.1 
ENDF/B-VIII.0  

crystalline modification 
0.99770 

ENDF/B-VII.1 ENDF/B-VII.1 
ENDF/B-VIII.0 
10% porosity 

0.99787 

ENDF/B-VII.1 ENDF/B-VII.1 
ENDF/B-VIII.0 
 30% porosity 

0.99785 

ENDF/B-VII.1 JEFF 3.3. JEFF 3.3 0.99539 

ENDF/B-VII.1 ENDF/B-VIII.0 / 0.99487 

ENDF/B-VII.1 ENDF/B-VIII.0 ENDF/B-VII.1 0.99542 

ENDF/B-VII.1 ENDF/B-VIII.0 
ENDF/B-VIII.0  

crystalline modification 
0.99778 

ENDF/B-VII.1 ENDF/B-VIII.0 
ENDF/B-VIII.0 
10% porosity 

0.99782 

ENDF/B-VII.1 ENDF/B-VIII.0 
ENDF/B-VIII.0 
 30% porosity 

0.99786 

ENDF/B-VII.1 ENDF/B-VIII.0 JEFF 3.3 0.99538 

ENDF/B-VIII.0 ENDF/B-VIII.0 
ENDF/B-VIII.0 
 30% porosity 

0.99383 

 

Various combinations of nuclear data libraries and different TSL, only for graphite, can be found in 

Table 22. For all cases, the construction and other core materials were modelled in the same library 

ENDF/B-VII.1. only the graphite cross-section and TSL matrix were changed. Table 22 shows that when 

TSL in ENDF/B-VII.1 is used, the difference is only approximately 60 pcm compared to the case without 
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the TSL matrix of graphite. On the other hand, a very strong influence of all TSL modifications from the 

ENDF/B-VIII.0 nuclear data library is observed, with more than 240 pcm difference. Compared to this 

phenomenon, the JEFF 3.3. TSL matrix for graphite achieved a very similar result to the ENDF/B-VII.1, 

indicating that the evaluation of ENDF/VIII.0 is not entirely correct due to high overestimations of 

achieved results in comparison with other cases. 

5.1 Reaction rate measurement 

Based on the previously mentioned methodology, the activity of the activation detectors was 

measured on the HPGe detector and then calculated based on the methodology described in chapter 

1.2. Estimated reaction rates based on measurement were normalised using a scaling factor. The 

scaling factor is a calculated constant representing the neutron emission in the reactor core. For 

calculating the scaling factor from the experiments, the average value based on Ta and 1%Au activation 

foils were used (positions 2, 3, and 4 in the activation foil holder). The scaling factor is calculated from 

the experimentally obtained reaction rate multiplied by the self-shielding correction factor and divided 

by the calculated reaction rate from the MCNP code calculation. The scaling factor for both 

experiments has been determined to be 4.245×1011 with 0.86 % statistical uncertainty. The average 

neutron emission per one fission obtained from MCNP calculation was 2.447 neutrons, with fission 

energy released of 180.9034 MeV. From these values, the irradiation power during the experiments 

mentioned above was calculated to be approximately 5 W. Table 23 shows experimentally determined 

reaction rates of the activation foils in the defined position on the activation holder. The statistical 

uncertainty of measurement has been quantified with a combination of measured geometry 

uncertainty and uncertainty of HPGe detector below 0.79 % for all observed activation detectors. 

On the other hand, position 6 may be affected by the moderator-air interface, and position 7 is located 

above the moderator level. Position 7 shows the highest inconsistency of all the activation holder 

positions examined. As the difference between the moderator level and the position of the activation 

foil increases, the underestimation rises, corresponding to the neutron flux distribution previously 

observed [36]. 

Table 23: Experimentally determined reaction rates of the activation foil per one atom in the exact 

position on the special aluminum activation foil holder. The unit is (1/s) 

Material Au Cu Fe Mn Au 100% Au 100% Au 1% Ta 
Au 100% 

(Cd) 
Cu  

(Cd) 
Au 1% (Cd) Au 1% (Cd) Au 1% (Cd) 

Position Rod S Rod S Rod S Rod S Rod A Rod B Rod B Rod C Rod C Rod C Rod S Rod A Rod B 

1 7.650E-27 1.872E-28 5.406E-29 5.311E-28 7.844E-27 7.597E-27 7.976E-27 2.703E-27 3.718E-27 1.573E-29 - - - 

2 8.441E-27 2.040E-28 5.990E-29 5.733E-28 8.831E-27 8.437E-27 8.990E-27 2.976E-27 4.500E-27 1.886E-29 - - - 

3 9.171E-27 2.047E-28 5.996E-29 6.122E-28 9.431E-27 9.169E-27 9.510E-27 3.196E-27 5.016E-27 - - - - 

4 9.489E-27 2.083E-28 5.866E-29 6.290E-28 9.554E-27 9.493E-27 9.715E-27 3.235E-27 5.856E-27 - 5.623E-27 5.791E-27 - 

5 8.990E-27 2.005E-28 - 6.077E-28 9.271E-27 9.253E-27 9.793E-27 3.261E-27 5.954E-27 - - - 5.696E-27 

6 8.896E-27 1.912E-28 5.167E-29 5.511E-28 8.912E-27 8.935E-27 8.904E-27 2.962E-27 5.113E-27 2.008E-29 - - - 

7 7.877E-27 1.698E-28 4.664E-29 4.830E-28 8.061E-27 7.736E-27 8.242E-27 2.353E-27 4.598E-27 1.882E-29 - - - 

In order to compare experimental data and MCNP calculations of reaction rates, the C/E-1 

(Calculation/Experiment 1) comparison was realised (see Table 24). An excellent agreement is shown 

between measurement and calculation in positions 3, 4, and 5, which is caused by their position in the 

centre of the activation holder (Figure 37) in the centre of the graphite insertion in the axial direction. 
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In contrast, positions 1, 2, and 6, 7 are underestimated for almost all detectors. This phenomenon may 

be caused by their axial position on the holder, which is, in the case of positions 1 and 2, at the bottom 

part of the graphite insertion module near the lower construction parts of the reactor core. The 

module has stainless steel weight and a relatively large amount of water, which seems to affect the 

shape of the neutron spectrum. At the same time, other boundary phenomena such as the end of the 

fuel column in this area may play a non-negligible role in neutron spectrum shaping.  

Table 24: Calculated C/E-1 for all reaction rates in all positions on the holder 

Material Au Cu Fe Mn Au Au Au 1% Ta Au (Cd) Cu (Cd) 

Au 1% 

 (Cd) 

Au 1%  

(Cd) 

Au 1% 

 (Cd) 

Position Rod S Rod S Rod S Rod S Rod A Rod B Rod B Rod C Rod C Rod C Rod S Rod A Rod B 

1 -0.01% -9.64% -8.88% -5.22% -2.77% 0.98% -3.81% -5.71% 12.55% -11.61% - - - 

2 5.49% -4.88% -5.87% -0.05% 0.51% 6.55% -0.01% 1.18% 10.05% -11.34% - - - 

3 5.24% 0.10% -0.86% -1.01% 3.10% 4.25% 0.52% -0.26% 4.07% - - - - 

4 1.31% -2.68% 0.57% -4.41% 0.73% 0.67% -1.63% 0.25% -7.75% - -2.46% -4.95% - 

5 0.85% -6.07% - -7.90% -2.24% -0.66% -6.14% -6.31% -12.62% - - - -10.55% 

6 -10.58% -13.98% -7.45% -11.55% -10.07% -26.56% -26.30% -8.17% -10.88% -23.20% - - - 

7 -17.03% -21.08% -16.61% -18.04% -18.59% -14.01% -19.29% -3.90% -15.74% -31.94% - - - 

 

 

Figure 38. Thermal neutron flux - radial profile in different axial positions of holder 
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On the other hand, position 6 may be affected by the moderator-air interface, and position 7 is located 

above the moderator level. Position 7 shows the highest inconsistency of all the activation holder 

positions examined. As the difference between the moderator level and the position of the activation 

foil increases, the underestimation rises, corresponding to the neutron flux distribution previously 

observed [36]. 

The neutron flux profile in graphite block is illustrated by a plot of the Au reaction rates along the 

height of the special activation holder in Figure 38. Relatively high uniformity of the neutron field is 

demonstrated in the radial direction in all irradiation positions, especially around the centre of the 

activation holder in positions 3, 4, and 5, indicating the high homogeneity of the neutron field in the 

radial direction.  

5.2 The effect of graphite on the neutron flux distribution 

Experimental data and calculations have also demonstrated the effect of graphite on the neutron flux 

distribution in the axial direction of the reactor core. Figure 40 shows the axial profile of the neutron 

flux over the height of the reactor core. For illustration, the fission reaction rate in eight selected pins 

in the radial direction of the chosen fuel assembly was calculated, see Figure 39Figure 47. Pin 1 is the 

closest to the experimental graphite module, and pin 8 stands on the other side of the fuel assembly 

at the furthest position. Additionally, the reaction rate distribution was calculated in the centre of the 

graphite insertion and compared to the experimental data obtained from the average reaction rate of 

Au activation foils. 

 

Figure 39. Position of eight pins across fuel assembly for power distribution mapping 

The effect of the graphite presence in the centre of the reactor core can be seen in Figure 40. The 

influence is directly apparent in the neutron flux distribution of the fuel rods. The contribution of the 

neutron flux above the moderator level in the closest pin to graphite (pin 1) is higher than in pin 8 (pin 

8), which is the farthest away from the graphite module. This effect, observed above the moderator 

level (Hcr = 39.13 cm), is attributed to the graphite reflector because, below the moderator level, this 

effect is almost negligible. With increasing distance above the moderator level, the neutron flux 

decreases. Over the graphite blocks, however, the neutron flux decreases for both fuel pins with the 

same trend. The end of the graphite blocks corresponds to the height of 64.4 cm in Figure 40.  
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Figure 40. Neutron flux distribution in the axial profile of the fuel and graphite insertion (selection in 

Figure 39) 

 

One can notice a considerable influence of the spacer grids located roughly in the centre of the reactor 

core from the axial course of the neutron flux in the fuel pins. Spacer grids strongly distort the shape 

of the neutron flux distribution in the fuel pins, and therefore the predicted maximum is distorted and 

shifted by this effect. Compared to neutron flux calculation in the graphite, an upward shift of the 

neutron flux maximum compared to the neutron flux distribution in the fuel can be observed, which is 

probably caused by the geometry of the graphite blocks and their position relative to the fuel column. 

In the centre of the graphite, the difference in the flux distribution between calculation results and 

measurement is minimal. As in previously discussed measurement result, Figure 40 confirms good 

agreement at positions 3, 4, and 5 on the activation holder. Disagreement in positions 6 and 7 can be 

caused by neutron field non-uniformity and the angular distribution of the neutron field. There is 

almost no source of neutrons in the radial direction from graphite blocks. Positions 1 and 2 can be 

affected by the edge effects of steel and water located under the graphite insertion. Below the 

moderator level, the neutron flux profile in graphite is very close to a parabola. Above the moderator 

level, a linear decrease can be observed, which is consistent with previous assumptions. 

5.3 Fast neutron spectrum evaluation 

The further stage was to evaluate the neutron spectrum in the fast energy region. Since the activation 

foils were selected with a focus on reactions in thermal and epithermal energy regions, a measurement 

with a stilbene scintillator was used to determine the fast neutron spectrum. The assumption 

determined by the calculation is a very well thermalised neutron spectrum in the proposed reactor 

core with graphite insertion, as shown in Figure 41. The total neutron spectrum was calculated using 
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MCNP and Serpent in the centre of the graphite insertion and then compared with the neutron 

spectrum of the reference core without graphite determined in MCNP. Serpent and MCNP calculations 

are in excellent agreement, and obtained results were normalised to 1 by integrating over the entire 

neutron spectrum. In contrast to the reference LR-0 core, significant thermalisation occurs in the 

proposed reactor core with a thermal neutron ratio of almost 25% and a fast neutron ratio of less than 

4% above 1 MeV. Moreover, the epithermal region is flat and nearly constant compared to the LR-0 

reference core without the graphite central module, which can be further used to evaluate microscopic 

cross-sections in this energy region. 

The calculated fast neutron spectrum of the reactor core was experimentally verified by measurement 
using the stilbene detector in the centre of the graphite insertion. For this purpose, calculated and 
measured data are normalised to 1 and integrated over the spectrum from 4 MeV to 10 MeV. The 
measurement was accomplished in the range from 1 MeV to 10 MeV, and Figure 42 reveals the 
measurement results and compares the results with calculations. Calculated results obtained from 
MCNP and Serpent calculations were modified by Gaussian broadening function using experimentally 
determined parameters for the stilbene detector. This method allows the comparison of experimental 
and calculated results. In the resulting calculated spectrum of fast neutrons, there are several sharp 
resonances due to resonances in the microscopic cross-section of graphite, namely between 2 MeV 
and 3 MeV. Considering the shape of the resonances, which are very sharp and narrow, they cannot 
be observed by the stilbene detector in detail, as this does not allow its resolution. The effect of these 
resonances can still be seen in Figure 43. It should be noted that the spectrum from Serpent is 
underestimated across the entire spectrum. On the other hand, Figure 41 suggests that Serpent is 
slightly overestimated in thermal energy. 

 

Figure 41: Calculated neutron spectrum of the proposed reactor core with the graphite insertion 

compared with the reference LR-0 reactor core. 
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Figure 42: The C/E-1 comparison of the fast neutron spectrum calculated by MCNP and Serpent and 

experimental data. 

The calculated and measured results match very well from 1 MeV to 5.8 MeV. The deviation between 
the calculated and measured neutron spectrum increases from 6 MeV to 7 MeV, and around 8.5 MeV, 
the deviation is significant. Then, up to 10 MeV, the results are again in good agreement. To better 
understand the behaviour of the measured and calculated spectrum, Figure 42 compares the 
experimental data and calculation results in C/E-1. One can notice that, with a few exceptions, the 
region from 1 MeV to 5.8 MeV is within the +/- 15% uncertainty, and the discrepancy rises to -27% 
above the 5.8 MeV in specific troublesome energies. The most significant disagreement between the 
calculated and experimentally determined spectra may be observed around 7.8 MeV, where MCNP 
and Serpent calculations are underestimated by almost 50%, whereas the same tendency was 
observed in the previous experiments with graphite block leakage [66]. That massive discrepancy may 
be caused by certain evaluation inaccuracy in graphite microscopic cross-sections, mainly around 8 
MeV. The criticality calculations of the reactor core with central graphite insertion, consistently 
underestimated throughout all reactor core calculations (Table 21, Table 22), may also indicate this 
phenomenon. Based on these assumptions, a sensitivity analysis of microscopic cross-sections was 
created to illuminate this issue using TSUNAMI-3D. 
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Figure 43: Comparison of the experimentally measured fast neutron spectrum and spectrum 

calculated by MCNP and Serpent code compared with the reference LR-0 reactor core. 

The results showed that graphite has one-tenth the sensitivity compared to the moderator, which is 
the most sensitive material in the core. It also showed that the fuel sensitivity is about 40% of the 
moderator sensitivity. The sensitivity shows how the keff changes if the macroscopic cross-section of a 
given reaction (or material) is changed by 1%. The ten most significant reactions are tabulated in Table 
25. It is not surprising that these are the reactions in the fuel and moderator. 

Analysis of graphite reactions, tabulated in Table 26, has shown that elastic scattering is the dominant 
reaction. This reaction is the tenth most crucial reaction in the core. The second most important 
reaction in graphite, radiative capture, has a sensitivity lower than 5 % of elastic scattering sensitivity. 
Sensitivity profiles of both reactions and inelastic scattering are depicted in Figure 44. 

Table 25: The most sensitive reactions in the reactor core determined by SCALE 

Material Nuclide Reaction Sensitivity [-] Uncertainty 

Fuel 235U nubar 9.49E-1 0.00 % 

Moderator 1H (n,n) 3.46E-1 0.14 % 

Fuel 235U (n,f) 3.22E-1 0.02 % 

Fuel 238U (n,γ) -1.68E-1 0.01 % 

Fuel 235U (n,γ) -1.24E-1 0.01 % 

Moderator 1H (n,γ) -9.42E-2 0.02 % 

Fuel 238U nubar 5.06E-2 0.04 % 

Moderator 16O (n,n) 3.93E-2 0.36 % 

Fuel 238U (n,f) 3.42E-2 0.06 % 

Graphite Graphite (n,n) 3.12E-2 0.72 % 
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Table 26: Calculated sensitivities in the graphite 

Reaction Sensitivity (-) Uncertainty 

(n,n) 3.12E-2 0.72% 

(n,total) 3.00E-2 0.75% 

(n,γ) -1.40E-3 0.07% 

(n,n') 2.38E-4 1.26% 

(n,α) -6.66E-5 0.56% 

 

 

Figure 44: Sensitivity per unit lethargy for the most important graphite reactions 

Table 27: Experimental SACS in large graphite environment 

Experiment Au (b) Cu (b) Fe (b) Mn (b) Au (b) Au (b) Au1%(b) Ta (b) NaF (b) 

Position ROD S ROD S ROD S ROD ROD A ROD ROD B ROD C ROD 

1 85.0252 2.0809 0.6008 5.9027 87.1854 84.4367 88.6464 30.0399 - 

2 81.7597 1.9757 0.5802 5.5527 85.5421 81.7180 87.0762 28.8250 - 

3 83.6668 1.8675 0.5470 5.5848 86.0361 83.6481 86.7580 29.1553 0.2179 

4 87.0017 1.9097 0.5378 5.7667 87.5944 87.0315 89.0666 29.6577 - 

5 88.0621 1.9638 - 5.9525 90.8136 90.6380 95.9348 31.9483 - 

6 98.7951 2.1233 0.5739 6.1210 98.9783 99.2319 98.8822 32.8946 0.2312 

7 105.7870 2.2803 0.6264 6.4869 108.2584 103.9009 110.6953 31.5970 - 
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Table 28: Experimental SACS for reactions from foils in Cd cladding and in large graphite environment 

Experiment FeCd (b) NaFCd (b) NaFCd (b) AuCd (b) CuCd (b) Au1%Cd (b) Au1%Cd (b) Au1%Cd (b) 

Position ROD S ROD ROD B ROD C ROD C ROD ROD A ROD B 

1 - - - 41.3233 0.1748 - - - 

2 - - - 43.5844 0.1827 - - - 

3 - - - 45.7569 - - - - 

4 0.0477 0.0114 - 53.6881 - 51.5554 53.0952 - 

5 0.0504 - 0.0120 58.3263 - - - 55.7956 

6 - - - 56.7826 0.2230 - - - 

7 - - - 61.7534 0.2527 - - - 

 

Table 29: Calculated SACS in graphite environment 

Calculation Au (b) Cu (b) Fe (b) Mn (b) Au (b) Au (b) Au1%(b) Ta (b) NaF (b) 

Position ROD S ROD S ROD S ROD ROD A ROD ROD B ROD C ROD 

1 85.0147 1.8802 0.5474 5.5945 84.7747 85.2678 85.2678 28.3252 - 

2 86.2471 1.8793 0.5461 5.5500 85.9808 87.0667 87.0667 29.1646 - 

3 88.0524 1.8694 0.5423 5.5284 88.7044 87.2049 87.2049 29.0781 0.2150 

4 88.1426 1.8585 0.5408 5.5122 88.2373 87.6188 87.6188 29.7326 - 

5 88.8100 1.8445 - 5.4822 88.7801 90.0437 90.0437 29.9316 - 

6 88.3411 1.8264 0.5311 5.4142 89.0111 72.8799 72.8799 30.2078 0.1703 

7 87.7753 1.7996 0.5224 5.3166 88.1335 89.3406 89.3406 30.3658 - 

 

Table 30: Calculated SACS in graphite environment and Cd cladding 

Calculation FeCd (b) NaFCd (b) NaFCd (b) AuCd (b) CuCd (b) Au1%Cd (b) Au1%Cd (b) Au1%Cd (b) 

Position ROD S ROD ROD B ROD C ROD C ROD ROD A ROD B 

1 - - - 46.5076 0.1545 - - - 

2 - - - 47.9666 0.1619 - - - 

3 - - - 47.6201 - - - - 

4 0.0410 0.0099 - 49.5278 - 50.2869 46.7091 - 

5 0.0420 - 0.0100 50.9636 - - - 49.9065 

6 - - - 50.6052 0.1713 - - - 

7 - - - 52.0348 0.1720 - - - 

 

5.4 Experiment with single graphite insertion 

In addition to large graphite insertion, also the neutron field was studied in single graphite insertion 

(Figure 45). Namely, the experimental dry module is filled with graphite block, which consists of six 

smaller trapezoidal graphite parts with a central void cavity. These six blocks filled the dry channel, 

except the central cylindrical cavity with 8 cm diameter. The height of the block is 60 cm, hexagonal 

key (flat-to-flat) dimension is 21.65 cm. The neutron detector, like stilbene and activation foil holder, 

was placed in the central cavity. The graphite block used in this experiment has a density of 1.72 ± 0.02 
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g/cm3 and a concentration of impurities below 0.2 ppm of boron equivalent and thus meets the nuclear 

graphite limits. 

  

Figure 45. Schematic diagram of the LR-0 core with single graphite (left), photo of real graphite 

insertion with activation foil holder (right). 

5.5 Mapping of the neutron flux distribution in the graphite prism 

For precise axial monitoring of the thermal, epithermal, and fast neutron flux, the set of activation 

detectors, 1% Au, Ta, and Ni activation foil, was chosen. The schematical arrangement and axial 

position of the activation foil fixed to the holder can be seen in Figure 46. The reaction of Au activation 

foil 197Au(n,γ)198Au serves for thermal neutron mapping, Ta for epithermal neutron mapping (reaction 
181Ta(n,γ)182Ta) and the Ni activation detector serves for fast neutron flux monitoring (reaction 
58Ni(n,p)58Co). 

   

Figure 46. Side view on activation foil holder and number of positions, schematic view, and photo. 

The activation Au and Ta detectors have a square shape with a 3 mm side length, and the thickness of 

the foil was 0.1 mm. Due to the much lower fast neutron flux, the Ni foils were larger and square in 

shape with a side length of 8 mm and thickness of 1 mm. The activation foil holder consists of four 

pure aluminium rods in a fixed geometry. Each rod is made of pure aluminium with a diameter of 0.8 

mm, and the holder's height is 60 cm. In the upper and lower parts, there is a special centering ring 

plate to ensure the vertical position of the holder. Activation detectors were placed in the central rod 
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of the holder; in other rods the monitors for thermal power mapping were used. These monitors were 

not evaluated as part of this work.  

All activation detectors were mounted in fixed known geometry at a 5 cm axial distance between each 

other to ensure a sufficiently low neutron field distortion effect. Their positions are illustrated in Figure 

46. In the axial direction, ten positions were evaluated; the last activation foil, position 11, in the case 

of Ta foil, was over the graphite insertion to assess the neutron flux far from the core above the 

moderator level (431.16 mm) and the graphite prism. Position 11 was 21.4 cm above the top of the 

graphite prism, which means 29.4 cm above the water moderator level. Irradiation was carried out in 

single-step irradiation for 11 hours at a thermal power of 7.5 W to reach sufficient activity of Ni 

detectors. 

5.6 MCNP calculation and reaction rate determination 

Critical analyses were performed using MCNP 6.2 Mote Carlo code with ENDF/B-VIII.0 nuclear data 

library and corresponding TSL (Thermal Scattering Library) for graphite and water. For the graphite, 

the 30% porosity type TSL was chosen based on previous research. The model of the whole core was 

developed without any simplifications in precise geometry and material composition. In the critical 

calculation mode, the 100,000 neutrons per cycle in 500,000 cycles were simulated, and the first 50 

inactive generations were chosen for proper source distribution. This critical calculation calculated the 

neutron spectrum for all axial positions in the activation foil holder. The neutron spectrum statistical 

uncertainty in a central position, in the center of the axial height of the core, marked as position P4, is 

below 1 % in each energy group in the energy range from 6×10-9 MeV to 5.3 MeV. In higher and lower 

energies, the statistical uncertainty slightly rises. For instance, on the 10 MeV, there is an uncertainty 

of 5.71%. The obtained neutron spectrum serves as a defined neutron spectrum for reaction rate 

calculation in activation materials described in the sections above. 

The reaction rates for self-shielding correction factors were calculated in separate simplified MCNP 

simulations in fixed source calculation. The simulated geometry of the neutron source was a sphere 

shape with an 8 cm diameter, where the neutron source was placed. The activation material was 

placed in the sphere's center with precise dimensions and shape. As a neutron source spectrum, the 

results from the critical calculation were used for each axial position detailed spectrum and type of 

activation detector. In each calculation step, the 1×109 source neutrons were simulated. The statistical 

uncertainty in the calculated reaction rate was between 0.2% and 0.6%, depending on the activation 

material. 

The reaction rate was evaluated for cases with and without the material in the detector volume. After 

that, the correction factor of all materials was determined based on the obtained reaction rates for 

the specific material and cavity geometry. The self-shielding factor was defined as the reaction rate 

obtained from the calculation without activation material divided by the reaction rate obtained from 

the calculation with activating material. These self-shielding correction factors were later used to 

modify experimentally obtained data.  

Finally, reaction rates of all materials used for neutron mapping in the activation foil holder and 

comparison with the experiment were manually calculated using the scalar multiplication of the 

calculated neutron spectrum in a defined position and microscopic cross-section obtained from 
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ENDF/BVIII.0 nuclear data library. This technique determines the reaction rate per atom in each 

activation foil. 

First, the critical height of the moderator level (Hcr) was measured three times. The experimentally 

estimated moderator level was the most crucial parameter for the critical calculation. In this case, the 

experimental moderator level was 431.16 ± 0.02 mm, corresponding to the MCNP calculation result 

kef = 1.00031 ± 0.00001. Regarding this result, there is excellent agreement between the experiment 

and calculation in case of criticality. It also shows that the developed model is in excellent agreement 

with the real case.  

Reaction rate determination is described in the upper section. The activation foils were measured after 

the irradiation on the HPGe detector, and then subsequently using Equation (1) and (2), the reaction 

rate has been determined. All reaction rates, based on measurement and calculation, were normalized 

to one atom in activation detector volume. Estimated reaction rates based on measurement were 

normalized using a scaling factor, where this factor represents the neutron emission in the reactor 

core. The scaling factor was determined based on all activation detector types (Ni, Ta and 1% Au) by 

averaging the values from position 3-7. The scaling factor is calculated from the experimentally 

obtained reaction rate multiplied by the self-shielding correction factor and divided by the computed 

reaction rate from the MCNP code calculation. The scaling factor for this irradiation was determined 

to be 6.572×1011 with 2.6% uncertainty. From the MCNP code, the average emission per one fission 

was 2.447 neutrons, with the energy released during fission of 180.9034 MeV. Based on these values, 

the reactor's thermal power during irradiation was calculated to be approximately 7.7 W. 

Table 31. Experimentally determined reaction rates of activation foils per one atom in precise axial position of 
measured materials. The unit (1/s). 

Axial height (cm) Position number Ta 1% Au Ni 

4.55 1 5.023E-27 1.357E-26 3.483E-30 

9.55 2 6.072E-27 1.672E-26 4.335E-30 

14.55 3 6.545E-27 1.880E-26 4.918E-30 

19.55 4 7.121E-27 1.868E-26 5.252E-30 

24.55 5 6.998E-27 1.949E-26 5.106E-30 

29.55 6 6.774E-27 1.763E-26 4.767E-30 

34.55 7 5.708E-27 1.543E-26 4.210E-30 

39.55 8 4.599E-27 1.239E-26 3.443E-30 

44.55 9 3.350E-27 8.485E-27 2.530E-30 

49.55 10 2.303E-27 5.402E-27 - 

78.95 11 1.679E-28 - - 
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Figure 47.The C/E-1 comparison of calculated reaction rate with experimentally determined for each 

axial position. 

Table 31 shows experimentally determined reaction rates of the activation foils in the defined position 

on the activation holder. The measurement uncertainty, quantified by the combination of uncertainty 

of the HPGe detector, uncertainty of the scaling factor, and statistical uncertainty of the calculated 

spectrum, was determined to be less than 3.37 % for all activation detectors studied. For a better 

possibility to compare the experimentally obtained results of reaction rates and the calculated result 

of reaction rates from MCNP, the C/E-1 (calculation/experiment-1) was realized, see Figure 47. 

It can be noticed from Table 31 that the maximal reaction rate of all mentioned detectors is reached 

around position P4. Position P4 corresponds approximately to the middle of the water moderator level. 

Based on Figure 47 and visualization in Figure 46, the behaviour of the neutron flux can be predicted. 

Central axial positions P2 to P8 are in very good agreement between calculation and measurement. 

Position P1 is strongly affected by bottom water and stainless-steel reflector, which deform the 

neutron flux shape. In the P1 case, the most significant disagreement for the Au of the thermal neutron 

detector is evident. On the other hand, the highest position P10 in graphite prism also reaches pour 

agreement in the case of thermal neutrons. This fact can be explained by the large distance from the 

source of the fission neutrons from the core and by the boundary effect. Another fact that can affect 

positions P10 and P11 is fission in fuel pins above the moderator level. This phenomenon was 

previously observed in experiments with graphite blocks. To understand how the axial position affects 

the shape of the neutron spectrum, the comparison for chosen positions was evaluated, see Figure 48. 

The result for the calculated spectrum is in Figure 48. proves that the shape of the neutron spectrum 

is dependent on its position. Based on the left side chart, position P1 in Figure 48 have the largest share 

of the thermal neutrons compared to the P4 and P10 position. The percentage of the epithermal 

neutron is very close. The fast spectrum is more dominant for the upper positions P10. Position P11, 



66 

 

located over the graphite block, is very different from the other positions. It can be seen the very hard 

neutron flux with a large share of fast neutrons. The maximum of the fast neutron is slightly shifted 

compared to the positions in the graphite. It is probably caused by leaking the fast neutrons from the 

core and their subsequent scattering on present materials above water level. 

  

Figure 48. Calculated neutron spectrum in different axial position. Left chart for comparison of farly 

distant positions, right for comparison differences in central three position compared to the 

reference neutron field without graphite shaping. 

The right chart in Figure 48 represents the comparison of the central positions P3, P4, and P5 in 

comparison with the reference neutron field on LR-0 [43], [34]. The differences in neutron spectrum 

shape between positions P3, P4, and P5 are minimal, which is suitable for validation experiments in 

this area. Positions P3 to P5 are advantageous for another reason, which is the higher absolute neutron 

flux of the whole graphite prism. This behaviour can be seen from the experimentally obtained reaction 

rates in Table 31. For better imagination, Figure 49 shows the relative axial neutron flux distribution.  

Agreement between experimentally measured activation detectors and the calculation is very close. 

As a reference position, the P4 was chosen. In the shape of the curve for the calculated neutron profile, 

there is a change in the curve trend above 43 cm, and the neutron flux almost linearly decreases 

(positions P9 and P10). This behaviour is caused by the absence of the fission neutrons due to climbing 

above the critical level of the water moderator. In this region, the discrepancy between experiment 

and simulation starts increasing, as evident from Figure 47. 

The graphite block was inserted into a central dry channel located in the center of the benchmark 

reference core. The characterization of the cavity in the graphite block performed. As a first validation 

measurement, the mapping of the reaction rate in a single irradiation experiment was evaluated. A 

total of 10 axial positions were investigated to find a more suitable position for further use. For thermal 

mapping the 1% Au activation foils were used, Ta for epithermal and Ni for fast neutron flux mapping. 

As a more promising axial position for further investigation and validation, the central four position 

looks promising, position P3 to P6. In this area, the discrepancies between measurement and 

calculation are below 3% for almost all foils. These positions can be recommended for future 

experiments, for example with oscillator.  
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The SACS in various position of small insertion can be found in Table 32 for experiments and for 

calculations in Table 33. Comparison between both graphite experiments can be seen in Table 34, 

where the SACS are compared in one reference position.For better understanding how the 

comparison of the neutron flux shape can be seen in Figure 50. 

 

Figure 49. Relative axial neutron flux distribution, comparison between measurement by activation 

detectors and calculated shape of the neutron flux in central graphite prism. 

Table 32: Experimental and SACS in small graphite environment. 

Experiment 181Ta(n,γ)182Ta (b) 197Au(n,γ)198Au 1% (b) 58Ni(n,p)58Co (b) 

1 21.0140 56.7636 0.0146 

2 21.3772 58.8433 0.0153 

3 20.7312 59.5576 0.0156 

4 21.5822 56.6096 0.0159 

5 21.4681 59.7813 0.0157 

6 22.2493 57.9244 0.0157 

7 21.3524 57.7203 0.0157 

8 21.0098 56.5884 0.0157 

9 20.0196 50.7121 0.0151 

10 19.1466 44.9185 - 

11 7.9774 - - 
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Table 33: Calculated SACS in graphite environment (small graphite experiment). 

Calculation 181Ta(n,γ)182Ta (b) 197Au(n,γ)198Au 1% (b) 58Ni(n,p)58Co (b) 

1 22.1690 63.0711 0.0145 

2 21.9551 60.9721 0.0151 

3 21.8635 59.9675 0.0155 

4 21.8844 59.3420 0.0156 

5 21.8543 58.9166 0.0156 

6 21.8683 58.5977 0.0156 

7 21.7356 57.6187 0.0155 

8 21.4049 56.5435 0.0153 

9 20.7251 53.7911 0.0153 

10 19.4868 49.1348 - 

11 8.6847 - - 

 

Table 34: Comparison of SACS in both experiments. 

Position 4 
7 graphite modules  1 graphite module 

Reference 
core [34] 

SACS – CALC (b) SACS – EXP (b)  SACS – CALC (b) SACS – EXP (b) Exp SACS 

197Au(n,γ)198Au 88.1426 87.0017  59.3420 56.6096  

63Cu(n,γ)64Cu 1.8585 1.9097  - -  

58Fe(n,γ)59Fe 0.5408 0.5378  - - 0.2150 

55Mn(n,γ)56Mn 5.5122 5.7667  - -  

181Ta(n,γ)182Ta 29.7326 29.6577  21.8844 21.5822  

58Ni(n,p)58Co - -  0.0156 0.0159 0.02952 
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Figure 50: Calculated neutron spectra in current benchmark reference neutron field and in center of 

modified special core with small graphite insertion and in center of core with large graphite insertion. 
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6 Summary  

The special core has been precisely characterized and now in the center of special core the Benchmark 

Reference Neutron Field has been identified, being one of 17 benchmark reference neutron fields 

worldwide. The tail of 235U(nth, f) PFNS has been monitored by both activation foils and also directly 

using stilbene measurement. It was proven the previous evaluations also covering JEFF-3.1.1 

evaluation is incorrect while new CIELO evaluation which was adopted into ENDF/B-VIII.0 is in good 

agreement with measured values.  

The precisely characterized core surrounding the reference volume was used as driver core in other 

experiments [41], [36]. When the core is surrounded by stainless steel notable discrepancies are 

reported. This leads to conclusion that in case of stainless steel still needs to improve cross sections 

because notable discrepancies were observed.  

The kinetic parameters were evaluated as well. Estimated kinetic parameters (beff = 782 ± 10 pcm and 
L = 39.1 ± 0.5 μs) were found very consistent with calculations using MCNP6.1 associated to ENDF-B.VII 
nuclear data library. Namely 781 pcm for the delayed neutron fraction and 39.05 μs for the neutron 
generation time). These results are very valuable complements to the characterization of LR-0 
reference neutron benchmark field which so far includes only static parameters such as the criticality 
parameters, the spatial distribution of fission rate and, the spatial and energy distributions of the 
neutron field in the central cavity. The addition of kinetic parameters highly increases the nuclear data 
validation potential of LR-0. 
 
The new experiments covering characterization of neutron field in center of graphite insertion has 

been realized. The agreement with calculation is satisfactory in central position of graphite, while 

discrepancies are observed in boundary regions. This field are planned to be submitted as new 

reference neutron field. 

The criticality was calculated in three independent codes, MCNP, Serpent, and SCALE. The experiment 

with a void central block was also realised for evaluating the graphite effect in the reactor core. It is 

worth noting that a good agreement was reached in the case with the void central block, which 

confirms a satisfactory description of the driver core. Discrepancies were observed when the central 

block was filled with graphite. 

The spectrum averaged cross section in graphite evaluation was measured in various graphite insertion 

cores. The experimental values are in good agreement with calculations. 

Experimental work done at the LR-0 helped to validate and tune the nuclear data from the new 

evaluations of IRDFF-II, FENDL-3.2b and ENDF/B-VIII.1 prior to their publication and thus served to the 

community as intended in frame of this project.  
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Appendix: gamma spectrometry data 
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00% 1.000 

92.9
063

7 

9.5
6E-
02 

Y 
plate 

89Y(
n,2n) 88Y 

D=2.57, 
tl=1.27 

898
.04

2 
0.93

7 

7.5
2E-
08 4.15E-02 0.846 

100.
00% 1.000 

88.9
06 

9.8
1E-
03 
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183
6.0
63 

0.99
2 

7.5
2E-
08 2.29E-02 0.824 

100.
00% 1.000 

88.9
06 

9.8
1E-
03 

Au 

197A
u(n,2
n) 196Au 

D=1.5 th. 
0.175 333 

0.22
9 

1.3
0E-
06 8.12E-02 0.832 

100.
00% 1.000 

196.
966
57 

1.4
9E-
01 

    355 
0.87

0 

1.3
0E-
06 7.88E-02 0.989 

100.
00% 1.000 

196.
966
57 

1.4
9E-
01 

Mn 

55M
n(n,2
n) 54Mn 

1.5x0.9 
th 0.2 

834
.84

8 
1.00

0 

2.5
7E-
08 4.34E-02 1.000 

100.
00% 1.000 

54.9
38 

3.3
7E-
03 

54F
e 

54M
n 

54Fe(n
,p) 

54Fe 
D=1.58, 
0.005 

834
.84

8 
1.00

0 

2.5
7E-
08 4.39E-02 1.000 

100.
00% 1.000 

53.9
396
13 

3.3
7E-
03 

 51Cr 
54Fe(n
,A) 

54Fe 
D=1.58, 
0.005 320 

0.09
9 

2.9
0E-
07 1.02E-01 1.000 

100.
00% 1.000 

53.9
396
13 

3.6
9E-
02 

Ti 
plate 
D-5 

47Ti(
n,p) 47Sc 

Ti-D5 
1x1.2x0.
1  

159
.4 

0.68
3 

2.4
0E-
06 1.70E-01 1.000 

100.
00% 0.074 

47.8
67 

2.4
7E-
01 

 

46Ti(
n,p) 46Sc 

Ti-D5 
1x1.2x0.
1  

889
.3 

1.00
0 

9.5
7E-
08 4.41E-02 0.820 

100.
00% 0.083 

47.8
67 

1.2
5E-
02 

 

48Ti(
n,p) 48Sc 

Ti-D5 
1x1.2x0.
1  

983
.5 

1.00
1 

4.4
1E-
06 4.07E-02 0.648 

100.
00% 0.737 

47.8
67 

3.7
8E-
01 

 

48Ti(
n,p) 48Sc 

Ti-D5 
1x1.2x0.
1  

103
7.5 

0.97
6 

4.4
1E-
06 3.89E-02 0.641 

100.
00% 0.737 

47.8
67 

3.7
8E-
01 

Ti 
plate 
1,2 

47Ti(
n,p) 47Sc 

Ti-1 
0.5x0.6x
0.1  

159
.4 

0.68
3 

2.4
0E-
06 1.68E-01 1.000 

100.
00% 0.074 

47.8
67 

2.4
7E-
01 

 

46Ti(
n,p) 46Sc 

Ti-1 
0.5x0.6x
0.1  

889
.3 

1.00
0 

9.5
7E-
08 4.36E-02 0.820 

100.
00% 0.083 

47.8
67 

1.2
5E-
02 

 

48Ti(
n,p) 48Sc 

Ti-1 
0.5x0.6x
0.1  

983
.5 

1.00
1 

4.4
1E-
06 4.02E-02 0.648 

100.
00% 0.737 

47.8
67 

3.7
8E-
01 

 

48Ti(
n,p) 48Sc 

Ti-1 
0.5x0.6x
0.1  

103
7.5 

0.97
6 

4.4
1E-
06 3.85E-02 0.640 

100.
00% 0.737 

47.8
67 

3.7
8E-
01 

V in 
EG3  48Sc 

V 1x1 v 
EG3 

983
.5 

1.00
1 

4.4
1E-
06 3.76E-02 0.666 

100.
00% 0.998 

50.9
415 

3.7
8E-
01 

  48Sc 
V 1x1 v 
EG3 

103
7.5 

0.97
6 

4.4
1E-
06 3.60E-02 0.659 

100.
00% 0.998 

50.9
415 

3.7
8E-
01 

Cu 
desti
cka  60Co 

Cu 
51x50.5x
1 

117
3 

0.99
9 

4.1
7E-
09 2.67E-02 0.856 

100.
00% 0.692 

63.5
46 

5.4
7E-
04 

  60Co 

Cu 
51x50.5x
1 

133
2.5 

1.00
0 

4.1
7E-
09 2.42E-02 0.852 

100.
00% 0.692 

63.5
46 

5.4
7E-
04 

Cu 
kole
cko  60Co 

D=25, 
h=4 

117
3 

0.99
9 

4.1
7E-
09 2.83E-02 0.834 

100.
00% 0.692 

63.5
46 

5.4
7E-
04 

  60Co 
D=25, 
h=4 

133
2.5 

1.00
0 

4.1
7E-
09 2.56E-02 0.829 

100.
00% 0.692 

63.5
46 

5.4
7E-
04 
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Measured data 

End of 
irradiation   

6.8.20 
19:38   NPA 

uncertai
nty Start 

Live 
time 

Real 
time  

 AF 
poz
ice m (mg) 

Geom
etrie  

coun
ts 

measur
ement (s) (s) (s) 

411 keV Au5 1_4 3.26 
foil in 
EG3 

D=3.6m
m th 0.1 

1136
9 108.12 

7.8.20 
9:57 644.1 644.5 

411 keV Au11 2_4 3.47 
foil in 
EG3 

D=3.6m
m th 0.1 8216 92.20 

7.8.20 
11:44 477.3 477.6 

411 keV Au13 3_4 3.31 
foil in 
EG3 

D=3.6m
m th 0.1 

1286
0 115.65 

7.8.20 
10:27 724.0 724.4 

411 keV Au32 4_4 3.29 
foil in 
EG3 

D=3.6m
m th 0.1 

2304
6 153.91 

7.8.20 
11:08 

1350.
6 

1351.
4 

810 keV Ni1-A 1_4 61.8 
foil in 
EG3 

1 x 1 x 
0.1mm 

1688
6 139.03 

06.10.202
0 9:28 

2175
9.9  

2176
3.6 

810 keV Ni-1B 1_4 63.3 
foil in 
EG3 

1 x 1 x 
0.1mm 

4733
0 238.53 

06.10.202
0 15:39 

6091
8.9 

6092
9.5 

810 keV Ni-2A 2_4 61.8 
foil in 
EG3 

1 x 1 x 
0.1mm 

4310
9 228.81 

07.10.202
0 18:31 

5704
1.6 

5705
1.4 

810 keV Ni-2B 2_4 72.5 
foil in 
EG3 

1 x 1 x 
0.1mm 5911 80.39 

08.10.202
0 11:35 

6617.
4 

6618.
6 

810 keV Ni-3A 3_4 71.9 
foil in 
EG3 

1 x 1 x 
0.1mm 4331 70.73 

09.10.202
0 14:52 

5038.
8 

5039.
8 

810 keV Ni-3B 3_4 62.6 
foil in 
EG3 

1 x 1 x 
0.1mm 3422 62.27 

09.10.202
0 16:15 

4735.
8 

4736.
6 

810 keV Ni-4A 4_4 66.1 
foil in 
EG3 

1 x 1 x 
0.1mm 4688 72.56 

12.10.202
0 15:01 

6318.
5 

6319.
7 

810 keV Ni-4B 4_4 70.5 
foil in 
EG3 1 x 1 x 0.1mm     

1121 keV Ta-1 1_5 21.01 
foil in 
EG3 

D=3.6m
m th 0.1 

2614
1 161.34 

18.8.20 
9:55 

2541.
4 

2549.
0 

1221,395 
keV Ta-1 1_5 21.01 

foil in 
EG3 

D=3.6m
m th 0.1 

1997
2 155.73 

18.8.20 
9:55 

2541.
4 

2549.
0 

1231,395 
keV Ta-1 1_5 21.01 

foil in 
EG3 

D=3.6m
m th 0.1 7274 101.62 

18.8.20 
9:55 

2541.
4 

2549.
0 

1121 keV Ta-2 2_5 21.23 
foil in 
EG3 

D=3.6m
m th 0.1 

3656
7 190.51 

18.8.20 
10:40 

3490.
4 

3501.
1 

1221,395 
keV Ta-2 2_5 21.23 

foil in 
EG3 

D=3.6m
m th 0.1 

2816
3 187.57 

18.8.20 
10:40 

3490.
4 

3501.
1 

1231,395 
keV Ta-2 2_5 21.23 

foil in 
EG3 

D=3.6m
m th 0.1 

1033
9 131.98 

18.8.20 
10:40 

3490.
4 

3501.
1 

1121 keV Ta-3 3_5 21.2 
foil in 
EG3 

D=3.6m
m th 0.1 

2744
5 165.44 

18.8.20 
11:40 

2623.
7 

2631.
8 

1221,395 
keV Ta-3 3_5 21.2 

foil in 
EG3 

D=3.6m
m th 0.1 

2086
6 160.70 

18.8.20 
11:40 

2623.
7 

2631.
8 

1231,395 
keV Ta-3 3_5 21.2 

foil in 
EG3 

D=3.6m
m th 0.1 7881 105.46 

18.8.20 
11:40 

2623.
7 

2631.
8 

1121 keV Ta-4 4_5 21.13 
foil in 
EG3 

D=3.6m
m th 0.1 

4831
1 219.57 

18.8.20 
12:24 

4756.
2 

4770.
5 

1221,395 
keV Ta-4 4_5 21.13 

foil in 
EG3 

D=3.6m
m th 0.1 

3769
6 217.03 

18.8.20 
12:24 

4756.
2 

4770.
5 

1231,395 
keV Ta-4 4_5 21.13 

foil in 
EG3 

D=3.6m
m th 0.1 

1381
1 131.70 

18.8.20 
12:24 

4756.
2 

4770.
5 
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810 keV Ni-1 1_6 68.8 
foil in 
EG3 

1 x 1 x 
0.1mm 

1049
6 109.64 

05.10.202
0 11:04 

1146
2.3 

1146
4.5 

834 keV Fe-1 1_6 87.9 
foil in 
EG3 

1 x 1 x 
0.1mm 4648 127.34 

19.8.20 
16:21 

1470
21.1 

1470
40.3 

810 keV Ni-2 2_6 69.8 
foil in 
EG3 

1 x 1 x 
0.1mm 

1004
0 108.41 

05.10.202
0 14:16 

1126
3.3 

1126
5.3 

834 keV Fe-2 2_6 71.1 
foil in 
EG3 

1 x 1 x 
0.1mm 5289 133.80 

24.8.20 
9:50 

1912
18.9 

1912
44.1 

810 keV Ni-3 3_6 69.2 
foil in 
EG3 

1 x 1 x 
0.1mm 

4841
5 232.31 

05.10.202
0 17:26 

5759
0.7 

5760
0.9 

834 keV Fe-3 3_6 90.8 
foil in 
EG3 

1 x 1 x 
0.1mm 5346 145.68 

26.8.20 
15:01 

1595
48.8 

1595
69.3 

810 keV Ni-4 4_6 68.2 
foil in 
EG3 

1 x 1 x 
0.1mm 

4884
9 343.25 

12.10.20 
16:44 

6297
7.8 

6298
8.8 

834 keV Fe-4 4_6 78.7 
foil in 
EG3 

1 x 1 x 
0.1mm 6834 161.70 

28.8.20 
11:36 

2612
67.7 

2613
03.5 

411 keV Au15 1_7 3.12 
foil in 
EG3 

D=3.6m
m th 0.1 

2290
8 154.25 

7.8.20 
9:34 

1342.
2 

1343.
0 

411 keV Au26 2_7 3.22 
foil in 
EG3 

D=3.6m
m th 0.1 

1591
4 127.95 

7.8.20 
10:10 937.3 937.9 

411 keV Au27 3_7 3.23 
foil in 
EG3 

D=3.6m
m th 0.1 

1062
9 104.29 

7.8.20 
10:55 630.7 631.1 

411 keV Au53 4_7 3.46 
foil in 
EG3 

D=3.6m
m th 0.1 

1199
4 111.11 

7.8.20 
10:42 712.6 713.1 

411 keV Au45 
4_4
-2 3.15 

foil in 
EG3 

D=3.6m
m th 0.1 

1343
6 117.79 

7.8.20 
11:53 852.7 853.1 

411 keV Au46 
4_7
+2 3.63 

foil in 
EG3 

D=3.6m
m th 0.1 8097 91.40 

7.8.20 
11:35 491.5 491.8 

810 keV Ni-5A 1_7 63.9 
foil in 
EG3 

1 x 1 x 
0.1mm 

1065
3 109.51 

07.10.202
0 8:32 

1332
0.7 

1332
3.1 

810 keV Ni-5B 1_7 64.7 
foil in 
EG3 

1 x 1 x 
0.1mm 3145 59.19  

08.10.202
0 10:25 

3988.
8 

3989.
6 

810 keV Ni-6A 2_7 65 
foil in 
EG3 

1 x 1 x 
0.1mm 

4479
1 225.85 

08.10.202
0 17:39 

5677
5.4 

5678
5.4 

810 keV Ni-6B 2_7 73.2 
foil in 
EG3 

1 x 1 x 
0.1mm 

1698
2 137.95 

09.10.202
0 9:32 

1912
3.0 

1912
6.5 

810 keV Ni-7A 3_7 65.1 
foil in 
EG3 

1 x 1 x 
0.1mm 

1777
69 451.99 

09.10.202
0 17:39 

2306
81.3 

2307
21.6 

810 keV Ni-7B 3_7 66.5 
foil in 
EG3 

1 x 1 x 
0.1mm 

1469
1 127.84 

12.10.202
0 9:46 

1870
2.9 

1870
6.2 

810 keV Ni-8A 7_7 66.9 
foil in 
EG3 

1 x 1 x 
0.1mm 

1073
1 114.07 

13.10.202
0 10:17 

1429
0.5 

1429
2.9 

810 keV Ni-8B 7_7 68 
foil in 
EG3 

1 x 1 x 
0.1mm 5658 83.57 

13.10.202
0 14:14 

7340.
9 

7342.
2 

1368 keV Al1 
Ref
. 998.15 

End 
cap 

D=1.27 
th=3mm 8868 98.24 

06.08.202
0 22:59 933.9 935.6 

1368 keV Al2  988.26 
End 
cap 

D=1.27 
th=3mm 

1075
8 108.03 

06.08.202
0 23:16 

1128.
3 

1130.
2 

1368 keV Al4 
Ref
. 

1000.5
7 

End 
cap 

D=1.27 
th=3mm 9328 101.60 

06.08.202
0 23:43 

1018.
6 

1020.
3 

1368 keV Al6 
Ref
. 991.76 

End 
cap 

D=1.27 
th=3mm 

1096
4 108.87 

07.08.202
0 0:02 

1173.
0 

1175.
0 

159,4 keV Ti D5 
Ref
. 742.9 

End 
cap 

Ti-D5 
1x1.2x0.
1  

1272
95 378.61 

07.08.202
0 12:15 

8378.
8 

8383.
3 
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889,3 keV Ti D5 
Ref
. 742.9 

End 
cap 

Ti-D5 
1x1.2x0.
1  1518 60.44 

07.08.202
0 12:15 

8378.
8 

8383.
3 

983,5 keV Ti D5 
Ref
. 742.9 

End 
cap 

Ti-D5 
1x1.2x0.
1  6232 91.68 

07.08.202
0 12:15 

8378.
8 

8383.
3 

1037,5 
keV Ti D5 

Ref
. 742.9 

End 
cap 

Ti-D5 
1x1.2x0.
1  5733 92.91 

07.08.202
0 12:15 

8378.
8 

8383.
3 

159,4 keV Ti1  176.1   

1142
58 387.31 

07.08.202
0 0:58 

3074
3.8 

3075
1.4 

889,3 keV Ti1  176.1   1292 74.99 
07.08.202

0 0:58 
3074
3.8 

3075
1.4 

983,5 keV Ti1  176.1   5978 99.27 
07.08.202

0 0:58 
3074
3.8 

3075
1.4 

1037,5 
keV Ti1  176.1   5621 102.51 

07.08.202
0 0:58 

3074
3.8 

3075
1.4 

159,4 keV Ti2 
Ref
. 184.4 

End 
cap  

1087
19 377.68 

10.08.202
0 17:43 

6133
9.5 

6134
9.6 

889,3 keV Ti2 
Ref
. 184.4 

End 
cap  2477 77.22 

10.08.202
0 17:43 

6133
9.5 

6134
9.6 

983,5 keV Ti2 
Ref
. 184.4 

End 
cap  2934 85.03 

10.08.202
0 17:43 

6133
9.5 

6134
9.6 

1037,5 
keV Ti2 

Ref
. 184.4 

End 
cap  2518 86.35 

10.08.202
0 17:43 

6133
9.5 

6134
9.6 

834 keV Mn 
Ref
. 1995.5 

End 
cap  7316 152.95 

02.10.202
0 16:44 

2379
92.4 

2380
22.5 

1173 keV 

Cu 
kolecko 

Ref
. 

17590.
22 

End 
cap  2171 89.38 

22.09.202
0 17:02 

5818
8.3 

5819
6.4 

1332 keV 

Cu 
kolecko 

Ref
. 

17590.
22 

End 
cap  2012 71.72 

22.09.202
0 17:02 

5818
8.3 

5819
6.4 

1173 keV Cu plisek 
Ref
. 

23076.
1 

End 
cap  3344 

1.04190
E+02 

23.09.202
0 12:53 

6889
0.6 

6890
0.8 

1332 keV Cu plisek  
23076.

1   2997 

7.57500
E+01 

23.09.202
0 12:53 

6889
0.6 

6890
0.8 

934,4 keV Nb-111 
Ref
. 198.09 

foil in 
EG3       

934,4 keV 

Nb-
kolecko 

Ref
. 

2228.6
4 

End 
cap  

2340
6 360.24 

10.08.202
0 10:20 

2648
0 

2649
6.4 

810 keV Ni-222 
Ref
. 

2184.4
5 

End 
cap 

16 x 16 x 
1mm 

2742
696 1738.36 

31.08.202
0 14:35 

7085
8.9 

7106
0.8 

122 keV Ni-222 
Ref
. 

2184.4
5   5483 710.86 

31.08.202
0 14:35 

7085
8.9 

7106
0.8 

1173 keV Ni-222 
Ref
. 

2184.4
5   

1146
9 169.93 

31.08.202
0 14:35 

7085
8.9 

7106
0.8 

1332 keV Ni-222 
Ref
. 

2184.4
5   

1027
2 124.62 

31.08.202
0 14:35 

7085
8.9 

7106
0.8 

934,4 keV Mo 
Ref
. 264.11 

foil in 
EG3  

2026
0 

1.73870
E+02 

11.08.202
0 10:48 

9227
3.4 

9253
0.5 

898 keV Y-7 
Ref
. 2944.7 

End 
cap 

D=2.57, 
tl=1.27 

1158
5 193.86 

18.09.202
0 15:55 

3274
38.6 

3274
83.4 

1836 keV   2944.7   6951 116.96 
18.09.202

0 15:55 
3274
38.6 

3274
83.4 
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846 keV 

Fe 4 
platky v 
EG3 

Ref
. 330.9 

foil in 
EG3 

1 x 1 x 
0.4mm 

1379
9 

1.23530
E+02 

06.08.202
0 21:44 

4333.
6 

4335.
3 

1810 keV   330.9   1702 
4.57700

E+01 
06.08.202

0 21:44 
4333.

6 
4335.

3 

834 keV   330.9   564 38.54 
06.08.202

0 21:44 
4333.

6 
4335.

3 

834 keV   330.9   

3048
7 

2.38050
E+02 

14.08.202
0 10:59 

2604
19.7 

2604
57.6 

1099 keV   330.9   

4006
7 

2.77750
E+02 

14.08.202
0 10:59 

2604
19.7 

2604
57.6 

834 keV 54Fe 
Ref
. 127.3 

foil in 
EG3  

6270
5 271.17 

17.08.202
0 11:20 

8122
5.1 

8123
8.3 

320 keV   127.3   1096 106.49 
17.08.202

0 11:20 
8122
5.1 

8123
8.3 

834 keV 54Fe 
Ref
. 127.3 

foil in 
EG3  

6996
82 

8.97050
E+02 

04.09.202
0 15:10 

9472
58 

9474
14.3 

320 keV   127.3   8244 
4.48640

E+02 
04.09.202

0 15:10 
9472

58 
9474
14.3 

983.5 keV V 
Ref
. 495.5 

foil in 
EG3  6879 

1.63020
E+02 

07.08.202
0 14:36 

2425
34.6 

2425
69.7 

1037.5 
keV   495.5   6175 

1.59870
E+02 

07.08.202
0 14:36 

2425
34.6 

2425
69.7 

333 keV Au 
Ref
. 2555.8 

End 
cap  

1100
1 1401.96 

1.9.20 
12:14 

8026
7.5 

8151
3.8 

355 keV   2555.8   

5429
4 1480.42 

1.9.20 
12:14 

8026
7.5 

8151
3.8 
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Appendix: data fitting results 

 

Before fitting, PSD were calculated using Bartlett’s method (average periodogram) and rescaled to the average 

currents of the detectors. The resolution of the spectrum is 1 Hz, and the frequencies range to 150 Hz. PSD were 

then fitted using Matlab R2020b (non linear fit function with trusted-region algorithm). Results are given in the 

following tables. APSDs were fitted using equation (3), whereas CPSDs were fitted without the constant. In the 

following tables, the term “uncertainty” refer to come the statistical error associated to the measurement. 

 

Table 35: Results for Detector 2 (APSD). 

 Amplitude (/Hz) 

Decay constant (s-

1) Constant (/Hz) 

Delayed neutron fraction 

(pcm) 

Generation time 

(µs) 

Ru

n Value Uncer. Value Uncer. Value Uncer. Value Uncer. Value Uncer. 

1 

6.83E-

07 

9.55E-

09 

2.01E+

02 

4.53E+

00 

5.38E-

07 

3.30E-

09 
784.2 5.5 39.0 0.9 

8 

6.92E-

07 

4.13E-

09 

2.00E+

02 

1.91E+

00 

5.41E-

07 

1.42E-

09 
781.0 2.3 39.1 0.4 

9 

1.07E-

07 

5.30E-

10 

2.01E+

02 

1.59E+

00 

8.31E-

08 

1.82E-

10 
774.7 1.9 38.5 0.3 

2 

6.89E-

07 

6.80E-

09 

2.00E+

02 

3.28E+

00 

7.03E-

07 

2.53E-

09 
780.0 3.8 39.0 0.7 

7 

6.87E-

07 

7.25E-

09 

1.99E+

02 

3.50E+

00 

7.10E-

07 

2.70E-

09 
780.0 4.1 39.2 0.7 

6 

6.74E-

07 

7.13E-

09 

2.07E+

02 

3.72E+

00 

7.04E-

07 

2.82E-

09 
785.2 4.2 37.9 0.7 

3 

6.87E-

07 

7.81E-

09 

2.08E+

02 

4.02E+

00 

7.01E-

07 

3.08E-

09 
777.9 4.4 37.4 0.8 

4 

6.92E-

07 

7.07E-

09 

2.04E+

02 

3.51E+

00 

7.05E-

07 

2.72E-

09 
776.8 4.0 38.1 0.7 

5 

6.83E-

07 

9.55E-

09 

2.01E+

02 

4.53E+

00 

5.38E-

07 

3.30E-

09 
784.2 4.0 39.0 0.7 
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Table 36: Results for Detector 1 (APSD). 

 Amplitude (/Hz) 

Decay constant 

(s-1) Constant (/Hz) 

Delayed neutron fraction 

(pcm) 

Generation time 

(µs) 

Ru

n Value Uncer. Value Uncer. Value Uncer. Value Uncer. Value Uncer. 

1 

7.10E-

07 

1.1E-

08 

191.63

4 

4.8368

7 

6.09E-

07 

3.74E-

09 
769.5 6.1 40.2 1.1 

8 

6.86E-

07 

4.2E-

09 

200.35

3 

2.0488

6 

6.51E-

07 

1.56E-

09 
784.4 2.4 39.2 0.4 

9 

1.07E-

07 

5.7E-

10 

201.37

8 

1.7650

4 

1.00E-

07 

2.08E-

10 
776.7 2.1 38.6 0.4 

2 

6.81E-

07 

6.1E-

09 206.17 

3.0755

5 

5.97E-

07 

2.29E-

09 
784.6 3.5 38.1 0.6 

7 

6.80E-

07 

6.1E-

09 

205.25

9 

2.9937

3 

5.42E-

07 

2.18E-

09 
784.1 3.5 38.2 0.6 

6 

6.79E-

07 

7.0E-

09 

201.41

4 

3.4068

1 

6.10E-

07 

2.54E-

09 
782.7 4.0 38.9 0.7 

3 

6.83E-

07 

9.2E-

09 206.98 

5.0229

4 

1.25E-

06 

4.17E-

09 
780.3 5.2 37.7 0.9 

4 

7.37E-

07 

2.5E-

08 

191.93

8 

12.104

3 

3.21E-

06 

1.18E-

08 
753.1 12.7 39.2 2.6 

5 

6.70E-

07 

5.0E-

08 

204.94

9 

30.291

7 

8.83E-

06 

2.79E-

08 
789.0 29.5 38.5 5.9 

 

Table 37 : Results for Detector 1 & 2 (CPSD). 

 Amplitude (/Hz) 

Decay constant 

(s-1) Constant (/Hz) 

Delayed neutron fraction 

(pcm) 

Generation time 

(µs) 

Ru

n Value Uncer. Value Uncer. Value Uncer. Value Uncer. Value Uncer. 

1 

6.91E-

07 

7.20E-

09 

195.22

1 3.2518 

3.03E-

09 

2.42E-

09 
780.0 4.1 40.0 0.4 

8 

6.86E-

07 

3.07E-

09 

198.60

4 

1.4416

3 

-4.27E-

10 

1.08E-

09 
784.2 1.8 39.5 0.2 

9 

1.06E-

07 

4.02E-

10 

200.37

6 

1.2387

5 

-1.99E-

10 

1.42E-

10 
781.0 1.5 39.0 0.2 

2 

6.84E-

07 

4.97E-

09 

200.32

9 

2.4038

7 

-4.29E-

10 

1.82E-

09 
783.1 2.8 39.1 0.3 

7 

6.83E-

07 

4.39E-

09 

199.89

3 

2.1054

7 

1.17E-

09 

1.58E-

09 
782.1 2.5 39.1 0.3 

6 

6.74E-

07 

5.13E-

09 

202.30

1 

2.5588

5 

3.26E-

10 

1.92E-

09 
785.2 3.0 38.8 0.3 

3 

6.85E-

07 

6.01E-

09 

204.93

7 

3.1430

3 

-1.05E-

09 

2.51E-

09 
780.0 3.4 38.1 0.4 

4 

6.82E-

07 

8.38E-

09 

197.61

9 

4.3143

4 

5.63E-

09 

3.58E-

09 
783.1 4.8 39.6 0.6 

5 

6.54E-

07 

1.32E-

08 

194.48

3 

7.0992

9 

1.58E-

08 

5.80E-

09 
798.8 8.1 41.1 0.9 
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