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ABSTRACT
Silicon cross-sections, being important for a criticality safety of final spent fuel disposals,
were recently reevaluated within the IAEA INDEN project. Similarly, the thermal Scattering
Law matrix for silicon dioxide, which is also important for criticality safety, was also
reevaluated in the ENDF/B-VIII.0 library. Due to these reasons, a series of validation
experiments with silica sand were performed at the LR-0 reactor. This paper describes these
validation experiments, which used two different amounts of silica sand placed in the core.
The first part of validation was carried out as critical experiments in order to benefit from the
suitability of integral experiments for validation. The second part - fast neutron spectrum
measurement in the sand - was performed in order to obtain knowledge of its characteristics
and its agreement with a calculation. The results showed significant improvement of the
Thermal Scattering Law matrix for silicon dioxide available in the ENDF/B-VIII.0 library.
They also showed that the new INDEN evaluation of silicon cross-sections, together with its
description in the ENDF/B-VIII.0 gives disagreement rate closest to the experiments carried
out without silica sand insertions. The spectrum measurement showed that the calculations of
fast neutron spectra in the sand show only slight differences between different evaluations of
silicon cross-sections. However, the fast neutron spectrum is not dependent on the Thermal
Scattering Law. The calculated spectra show relatively good agreement with the
measurement.
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1. INTRODUCTION
Despite the fact that the silicon is not substantially present in the present reactors, it can be assumed as
important nuclide from the point of view of criticality safety. Silicon, as a part of rocks, will be nonnegligible nuclide in the final spent fuel disposals. Moreover, silicon is nowadays part of concrete, which
is used in spent fuel casks. Last but not least, silicon is irradiated in the reactor (silicon doping), or it is
considered as material for fuel cladding (in the form of silicon carbide). Besides these facts, there are
repeated discussions about the use of nuclear reactors in space. Even in this case, it is necessary to take
into account criticality safety, and one postulated accident is the burial of the reactor in the sand [1]. Due
to these reasons, silicon and its compounds are important materials for the nuclear industry, which means
that it is important to know its properties properly.
The elastic scattering and the radiative capture cross-sections of stable silicon isotopes were not
reevaluated in the last release of ENDF/B-VIII.0 library [2, 3]. This version contains data adopted from
the previous releases of this series [3]. Nevertheless, the silicon cross-sections were reevaluated under the
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INDEN project by a collaboration of Oak Ridge National Laboratory and IAEA [3]. These data are not
available in the present major versions of nuclear data libraries.
Another important fact is the update of the Thermal Scattering sub-library of ENDF/B-VIII.0. Among
others, this version includes an updated silicon dioxide Thermal Scattering Law matrix (hereinafter TSL)
and newly added TSL for silicon carbide [2].
These new facts mean that it is very important to validate these data precisely. Nowadays, there are
several benchmarks containing a sufficient amount of silicon. The most suitable is benchmark describing
the experiment performed at the Big Physical Stand in Russia. This experiment contained silicon in the
form of silicon dioxide sand. The experiment was conducted using two types of fuel – based on plutonium
or uranium [4]. This benchmark was used in the preparation of the INDEN reevaluation of silicon [3].
It is important to validate the new data in an experiment which was not used in the preparation of new
nuclear data. Due to this reason, the new series of integral experiments were performed at the LR-0
reactor. These experiments, as well as the Russian experiment, contained silicon in the form of silica sand.
2. EXPERIMENTS AND CALCULATIONS
The experiments were conducted at the LR-0 reactor, located at Řež, Czech Republic. The reactor is
a versatile light-water, zero-power, pool-type reactor. It is used for measurement of neutron-physical
characteristics of the VVER type reactors, studies of neutronic properties of inserted materials, and
measurement of spectral averaged cross-sections. The reactor is operated with a various distribution of
fuel assemblies, the properties of which are similar to the fuel of VVER power plants. The reactivity of
the reactor can be controlled by a change in the moderator level or by the control clusters. The reactivity
of all experiments described in this paper was controlled by the change in the moderator level, and fuel
was only partially flooded by water.
Typical thermal neutron flux (below 1eV) during activation experiments of the smaller core is about
3×107 cm-2s–1 and a fast flux (above 100 keV) is about 6×107 cm-2s–1. The larger core has thermal neutron
flux about 9×106 cm-2s–1, fast flux about 2×107 cm-2s–1. Neutron flux in other types of experiments (pin
power density measurements, critical experiments, etc.) is several orders lower.
2.1. Experiments - Criticality
Experiments were performed with a different amount of sand. The first experiment consisted of one
hexagonal aluminum module partially filled with silica sand. Totally, almost 50 kg of sand was used, and
an average density was 1.439 g/cm3. A height of sand has reached 78.2 cm, so the height of sand was
approximately two-thirds of the fission column. The module with sand was closely surrounded by six fuel
assemblies with an average enrichment of 3.3 % (see the left side of Figure 1).
The second experiment consisted of seven modules filled with sand. The modules had the same properties
as the module in the previous case. Totally, 350 kg of silica sand was used, and the averaged density of
sand was 1.453 g/cm3. The heights of sand were between 74.5 and 78.1 cm. The modules with sand were
placed in a hexagonal lattice, and they were tightly surrounded by twelve fuel assemblies with an average
enrichment of 3.6% (see the right side of Figure 1). The 3.6% enrichment was used due to the
insufficient number of 3.3% fuel assemblies.
The experiments were also performed without insertion, on that account, only the aluminum module was
inserted into the core. These types of experiments were used to determine the influence of sand on
criticality. All experiments were repeated several times, and the average heights of the moderator are
listed in Table II.
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Figure 1. Schematic drawing of experiments with modules with sand.

2.2. Experiments – Neutron Spectrometry
Measurement of the neutron spectrum was carried out for the case with seven channels with sand. An
aluminum cylindrical channel was placed into the center of the central module with sand. This cylindrical
channel was not filled with sand, and the channel served as a guide tube for the spectrometer (see Figure
2). Due to the presence of the cylindrical channel, the height of sand in the central channel has increased
by 11 cm (the mass of sand was conserved).
The high-energy region of the neutron spectrum was measured by the method of recoiled protons in the
energy range 1.2 – 10 MeV with 0.1 MeV–wide energy groups. The measurements were taken with
a stilbene scintillator detector. The stilbene scintillator crystal sized 1×1 cm with neutron and gamma
pulse shape discrimination was used (hereinafter Stilbene), more information about the used measurement
apparatus can be found in [5], calibration of the detector is well-described in [6]. The thermal energy
region measurement was out of the scope of the paper, and it was measured later using reaction rate
measurement.

Figure 2. Illustration of central tube for neutron spectrometry.
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2.3. Calculations
Calculations were made using the Monte Carlo method employing the MCNP6.2 code [7]. All materials
excluding silicon in the sand and uranium were defined in the ENDF/B-VII.1 library [8]. Uranium was
defined in the ENDF/B-VIII.0 library [2]. The computational models for both experiments contained
silicon defined in INDEN evaluation [3], ENDF/B-VII.1 [8], and ENDF/B-VIII.0 [2]. The thermal
scattering law matrix for sand was available only in ENDF/B-VII.1 and ENDF/B-VIII.0, so they were
used only with the corresponding library. The TSL matrix from ENDF/B-VIII.0 was also tested with the
INDEN evaluation. These calculations were also tested without application of the TSL matrix for sand.
Moreover, due to the larger influence of sand, silicon in the large sand experiment was also defined in
other libraries. These libraries were as follows: JENDL-3.3 [9], JENDL-4.0 [10], JEFF-3.1 [11], JEFF-3.2
[12], JEFF-3.3 [13], CENDL3.1 [14], TENDL-2017 [15, 16], and ROSFOND-2010 [17]. The thermal
scattering law matrix for sand was not available in these libraries, so no TSL library for sand was used in
these calculations.
The measured critical moderator levels were used in the calculation. MCNP criticality calculations
employed 40,000 source neutrons per generation and 5,000 active generations. The skipping of the first
50 generations assured correct source convergence.
Spectra calculations were performed using silicon defined in the INDEN evaluation or ENDF/B-VII.1
library. The influence of the TSL matrix on spectra was also determined. Spectra calculations were
performed with 40,000 neutrons per generation and 1,000,050 generations (1,000,000 active and 50
inactive). This setting assured statistical uncertainty below 2% in the energy below 7.5 MeV and
statistical uncertainty below 5% in the range of 7.5 – 10 MeV. The obtained results were modified by
Gaussian broadening using parameters for the stilbene detector.
The experimental uncertainties in keff associated with the experiments are mostly caused by
manufacturing and measurement tolerances. The identified sources of uncertainties are summarized in
Table I. The influence of these occurrences was assessed by one-sided direct perturbations of the model.
And assuming that the sources are uncorrelated, a total uncertainty was determined as the square root of
the sum of squares of each source.
Table I. Sources of uncertainties in experiments.
Source of uncertainty

Value (1 σ)

Fuel assembly pitch
0.15 [cm]
Fuel Density
0.0093 [g/cm3]
Fuel Enrichment
0.01 [wt.%]
Fuel Impurities
0.115 [wt.% relative to U]
Moderator density
0.0004 [g/cm3]
Moderator impurities
1 [ppm BE]
Moderator level
0.058 [cm]
Outer cladding diameter
0.0016 [cm]
Sand density
0.0015 [g/cm3]
Sand impurity
0.40 [wt.%]
Total

Case with smaller
amount of sand [pcm]
94
12
38
35
10
23
12
47
4
6
121

Case with higher
amount of sand [pcm]
30
7
34
64
6
47
12
84
1
16
126
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3. RESULTS AND DISCUSSION
3.1. Comparison of Calculation and Experiments – Criticality
The experimentally determined critical configurations listed in Table II show that the insertion of the sand
has a positive impact on reactivity, as the amount of moderator needed to reach criticality is lower. The
calculated keff for the small experiment without sand insertion is 0.99958 ± 0.00005, the calculated keff for
the large experiment without sand is 1.00340 ± 0.00005. It is apparent that the large experiment has
a larger bias. This bias is most likely caused by modeling simplifications and 234U content, which is
neglected in the benchmark model.
Table II. Critical moderator levels.

With insertion
Without insertion

Case with smaller amount of sand
48.83 ± 0.06 cm
55.72 ± 0.03 cm

Case with higher amount of sand
45.73 ± 0.01 cm
57.47 ± 0.01 cm

The results of the criticality calculations of the small experiment are depicted in Figure 3. It is obvious
that the new TSL matrix rapidly decreases the difference between empty and filled experiment. The
difference between ENDF/B-VIII.0 and INDEN cross-sections is about 40 pcm, and the difference
between the calculation of empty and filled experiments is nearly 20 pcm.

Figure 3. Multiplication factor for small experiment with silicon in different nuclear data libraries.

The results for the large experiment are depicted in Figure 4 and Figure 5. Not surprisingly, the trend in
Figure 4 is the same as in Figure 3. The application of the new TSL matrix considerably decreases the
difference between the calculation of the experiment with and without sand, and both ENDF/B-VIII.0 and
INDEN evaluation give reasonable results. The large differences between experiments in Figure 5 are
caused by the nonexistence of the TSL matrix for sand in the applied libraries for silicon in the sand. The
differences between results in this figure are within 60 pcm, and TENDL-2017 gives the best results.
Oppositely, CENDL3.1 gives results farthest from the experiment without sand.
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Figure 4. Multiplication factor for large experiment with silicon in different nuclear data libraries.

Figure 5. Multiplication factors for large experiment with silicon in other nuclear data libraries.
3.2. Comparison of Calculation and Experiments – Neutron Spectrometry
Figure 6 shows a comparison of the experimentally determined and calculated spectra in the sand. The
figure shows only one calculated spectrum because the differences between calculated spectra were only
in the thermal region, which is not covered by the measurement. The experimentally determined spectrum
is normalized to 1 in integral above 3 MeV.
For the experiment, the statistical uncertainties along with the uncertainties of calibration and uncertainty
in detector resolution are in the range of 5-10% below 2.5 MeV, about 5–6% in 2.5–7 MeV, and reach
10% in the energy region above 7 MeV. The higher uncertainties in the lowest energy region are caused
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by the higher influence of uncertainties of the calibration, and the higher uncertainties in the highest
energy region are caused by the problem with a spectrum deconvolution.
As can be seen in Figure 6, the calculated spectra are almost the same and the differences between them
are within 2.5%. Due to this reason, the sand library selection has almost no influence on the calculation
of the neutron stilbene detector response and only one calculated spectrum with silicon in INDEN is
depicted. The spectrum measured in the sand is in relatively good agreement with calculations. The
calculations significantly overpredict peak around 2.3 MeV, but this is caused by problems with the
resolution of the stilbene spectrometer.

Figure 6. Neutron spectrum in sand.

4. CONCLUSIONS
Since the silicon cross-sections were reevaluated under the INDEN project and due to the update of the
TSL matrix for sand in the ENDF/B-VIII.0 library, the set of experiments using silica sand was performed
for validation of these new data. The calculations of critical experiments were performed using a wide
range of nuclear data libraries. These calculations show the significant influence of the new TSL matrix
for sand. Its application significantly decreases discrepancies between experiments with and without
insertion. Opposite to that, the old TSL matrix for sand increases the discrepancy between experiments.
The ENDF/B-VIII.0 and INDEN evaluation of silicon cross-sections, in case of application TSL matrix,
give satisfactory results, the INDEN slightly underestimates the experiments, and oppositely ENDF/BVIII.0 overestimates the experiments. Comparison of calculations of spectrum in the sand with the
measurement showed a large overestimation of neutron flux in energies around 2.3 MeV, other energies
are in relatively good agreement.
The experiments with silica sand will be extended at least by the reaction rates measurement. This
experiment will describe also the thermal and epithermal part of neutron spectra. A benchmark describing
the critical experiments is in preparation, and a benchmark describing the future reaction rates
measurement is also planned.
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