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Abstract. A set of benchmark experiments was carried out in the full scale VVER-
1000 mock-up on the reactor LR-0 in order to validate neutron transport calculation
methodologies and to perform the optimization of the shape and locations of neutron flux
operation monitors channels inside the shielding of the new VVER-1000 type reactors.
Compared with previous experiments on the VVER-1000 mock-up on the reactor LR-0, the
fast neutron spectra were measured in the extended neutron energy interval (0.1–10 MeV)
and new calculations were carried out with the MCNPX code using various nuclear data
libraries (ENDF/B VII.0, JEFF 3.1, JENDL 3.3, JENDL 4, ROSFOND 2009, and CENDL
3.1). Measurements and calculations were carried out at different points in the mock-up.
The calculation and experimental data are compared.

1. Introduction

The investigations on the shielding models were developed on the LR-0 research reactor for
benchmarking the calculations of the neutron and gamma distributions in a VVER-1000 concrete
shielding. Such calculations are carried out particularly for the optimization of the shape and locations
of neutron flux operation monitors channels inside the shielding of the new VVER type reactors.

In order to perform the mentioned optimization and validate corresponding calculation
methodologies a set of benchmark experiments was carried out in the full scale VVER-1000 mock-
up on the reactor LR-0. The results of the experimental and calculation analysis of the fast, epithermal
and thermal neutrons and gammas distributions in the shielding models were presented in [1]. After this
work the fast neutron spectra measurements were repeated in the extended neutron energy interval at
different points of the mock-up including the shielding model and new calculations were performed with
the MCNPX code using various nuclear data libraries (ENDF/B VII.0, JEFF 3.1, JENDL 3.3, JENDL
4, ROSFOND 2009, and CENDL 3.1), which were processed using NJOY code.
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Figure 1. The layout of the VVER-1000 mock-up on the reactor LR-0 (top view).

The main task of this report is to present measured fast neutron spectra in the neutron energy interval
0.1–10 MeV and to compare these measurements with calculations using MCNPX and different data
libraries.

2. Mock-up Arrangement

The experiments were performed on LR-0 reactor, a light water zero-power research reactor, which
is operated by Research Center Řež (Czech Republic). The full-scale (in the radial direction) models
(mock-ups) of VVER-440 and VVER-1000 reactors were developed and investigated on LR-0 jointly
by Nuclear Research Institute Řež (Czech Republic), Škoda Nuclear Machinery Plzen (Czech Republic),
and NRC Kurchatov Institute (Russia), see e.g. [2] and [3]. The top view on the VVER-1000 mock-up
is presented in Fig. 1.

The core models of baffle and barrel are located inside the LR-0 aluminum tank. The VVER-1000
reactor pressure vessel (RPV) simulator and concrete radiation shielding model are located outside of
LR-0 tank.

The core consists of 32 fuel assemblies of various enrichment, and the length of fuel fissile column
is equal to 125 cm. Demineralized water with diluted boric acid of a concentration of 4.7 ± 0.1 g/kg
is used as a moderator. The moderator level is equal to 150 cm, creating a 25 cm upper reflector. The
criticality in this core arrangement is adjusted using 2 control clusters (3 absorbing B4C rods only in
each cluster) in the positions marked with a “C” in the Fig. 1. Clusters are positioned at 60.4 cm above
the bottom of the fissile column.

More details can be found in [4].
Fast neutron and gamma spectra were measured during years of investigations on the outer surface

of barrel (inside the displacer), at several points inside the downcomer, on the inner and outer surfaces
and at several points inside RPV model, and in the five types of neutron monitor channels in the radiation
shielding model.
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Figure 2. Selected arrangements of biological shielding simulator dimensions are in mm.

Here we consider the last experimental results on the outer surface of barrel (“point 2”), inner (“point
3”) and outer (“point 7”) RPV surfaces and in two types of monitor channels. The distance between the
displacer (empty steel tank) and the LR-0 tank (i.e., water gap width) is equal to 19.6 cm.

The distance between the LR-0 tank and the shielding model was equal to 34 cm. The RPV model
(width 20 cm) was moved to the shielding model for measurements at point 3 and to the LR-0 tank for
measurements at point 7, providing corresponding gaps where the neutron detector was located.

Two models of radiation shielding considered in this paper are shown in the Fig. 2. The neutron
monitor channel designs in these models correspond to designs in different VVER-1000 reactors.

Information concerning composition, density and humidity of concrete in these two models of
radiation shielding can be found in [1].

3. Fast Neutron Spectra Measurements

Neutron spectra in the energy range from 0.6 to 10 MeV were measured by the proton-recoil method
using an organic scintillator stilbene with neutron and gamma pulse shape discrimination. A 20×20 mm
stilbene crystal was used. The two-parametric spectrometric system based on analogue processing of
output signals from a scintillation stilbene detector is described in [5]. Neutron spectra from 0.1 to
1.35 MeV were measured by two hydrogen proportional counters: with hydrogen pressure 400 kPa for
measurements in energy range from 0.1 MeV to 0.7 MeV and with pressure 1000 kPa for measurements
from 0.25 to 1.35 MeV [4].

The spectra obtained by both experimental methods are combined using most reliable parts of
each spectrum. Both spectra were normalized to LR-0 power monitor records. The combined neutron
spectrum in the energy range 0.1–10 MeV consists of three parts: spectrum measured with hydrogen
proportional counters in the range 0.1–0.8 MeV, spectrum measured with stilbene spectrometer in the
range 1.2–10 MeV, and spectrum in the range 0.8–1.2 MeV, which is averaged between spectra measured
by both methods.

It is necessary to mention that the procedure of spectra combination is not unambiguous and a special
analysis and choice of energy intervals and algorithms for spectra combination are necessary in every
specific situation. A digital neutron-gamma scintillation spectrometry, which is now developed [6–8],
could potentially allow measurement of a neutron spectrum in the whole desirable neutron energy range
in one measurement. In this case results would be more reliable than combined ones.

The months-long period of LR-0 power stability is crucial for spectra measurements.
Monitoring of reactor power was carried out by an independent measurement with a compensated

boron chamber placed in the side region of the reactor core. The discrepancy between the proportionality
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of the monitors was estimated independently by means of measurement with a well-defined 3He
detector [9]. The ratio between responses of both detectors fluctuated within 1.2%. Thus the conservative
estimation of uncertainty of experimental values normalized by means of such monitors is not higher
than 1.2%.

The experimental group spectra (each group width is equal to 0.1 MeV) are presented in the Fig. 3.
The spectrum in each point of measurement is normalized to the LR-0 power monitor current.

The estimated experimental uncertainties depend on point of measurement, experimental conditions,
number of measurements series, etc. For point 2 the uncertainties of group neutron fluxes were estimated
as 1–3% in the interval from 0.1 to 4 MeV and as 5–10% above 5 MeV. In point 3 uncertainties were
estimated as 5–10% up to 6 MeV and up to 20% at higher neutron energy. In point 7 the uncertainty
level was estimated as 10–20% in the whole energy interval. In point S1 the uncertainty was estimated
as 5–10% up to 8 MeV and 10–20% above. In point S2 the uncertainty was estimated as 2–10% up to
5 MeV and 10–20% above.

4. Fast Neutron Spectra Calculations

Calculations of neutron flux at selected VVER-1000 mock-up points as well as in the biological
shielding simulator were performed using the MCNPX 2.6.0 code [10] and various nuclear data libraries:
ENDF/B VII.0, JEFF 3.1, JENDL 3.3, JENDL 4, ROSFOND 2009, and CENDL 3.1 [11, 12]. Nuclear
data were processed with NJOY code [13].

Neutron flux in the RPV and biological shielding was calculated using a fixed source model. In this
approach the beginning part of neutron evolution, comprising a detailed description of neutron origin
in fuel, is described directly by means of neutron emission density. This number can be replaced by
fission density due to their near proportionality. The Watt distribution of 235U thermal neutron fission
spectra was used for neutron source emission spectra definition because of the negligible differences in
the emission spectra between the peripheral pin, the pin on the boundary with water gap and the Watt
distribution. More details can be found in [14].

The pin power density distribution in the core was calculated using a defined source model,
which provides a detailed description of neutron transport in the fuel, namely the origination of new
neutrons [15]. The results of the calculations are used as the source description in the fixed source
model mentioned in the previous paragraph.

The calculated spectra are shown in the Fig. 3 where they are compared with measured ones. The
calculated group flux uncertainty increases from 0.5% at energy below 1 MeV to 5% at approximately
5 MeV, to 10% at approximately 7 MeV, and to 25% at 10 MeV.

5. Spectral Indices

Spectral indices (SI) are used in reactor dosimetry for integral characterization of the neutron spectrum
shape as well as in practical dosimetry. They are relative quantities reflecting the material properties
of matter through which neutrons are passing. An SI is defined as a ratio of two integral neutron flux
densities over different thresholds. Three SI are compared in this paper: SI(0.1/3.0) i.e., a ratio of flux
density over 0.1 MeV to flux density over 3.0 MeV, SI(0.5/3.0), and SI(1.0/3.0).

The experimentally determined SI are presented in the Table 1.
The presented results demonstrate a hardening of the spectrum, i.e., increasing high energy neutrons,

in water and concrete and softening in steel.
The comparison of the calculation and measured SI is in the Table 2 where values (calculated

SI/measured SI - 1)% are shown. The estimated uncertainties of calculated SI are not higher than 2%.
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Figure 3. Measured and calculated neutron spectra at different points in the mock-up.
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Table 1. Measured SI.

Threshold Points in mock-up
energies, MeV

2 3 7 S1 S2
Spectral indices

0.1/3 23.0 ± 1.9% 6.57 ± 4.4% 58.60 ± 4.2% 14.60 ± 5.0% 44.72 ± 2.3%
0.5/3 13.08 ± 1.8% 4.64 ± 4.3% 24.4 ± 4.4% 8.24 ± 5.0% 17.58 ± 2.4%
1/3 6.61 ± 1.4% 3.29 ± 4.2% 8.46 ± 4.7% 4.56 ± 4.2% 6.22 ± 2.1%

Table 2. Comparison of calculated and measured SI, (C/M-1)%.

Library
Point SI ENDF/B JEFF 3.1 JENDL 3.3 JENDL 4 ROSFOND 2009 CENDL 3.1

VII.0
(C/M-1)%

0.1/3 −1.3 −0.1 −4.1 −1.1 −5.6
2 2.6

0.5/3 1.6 −2.0 −1.1 −5.6 −1.3 −6.6
1/3 −4.0 −5.9 −1.7 −9.1 −6.4 −8.8

3 0.1/3 1.6 2.4 −5.0 −7.5 0.2 −3.7
0.5/3 0.2 0.3 −6.5 −8.6 −0.8 −4.6
1/3 −2.4 −2.0 −7.6 −9.4 −3.1 −5.7

7 0.1/3 2.6 −2.1 5.1 −11.1 −2.4 0.6

0.5/3 0.1 −4.0 −0.6 −14.0 −2.3 −4.0

1/3 −6.4 −7.5 −3.6 −17.0 −10.2 −9.4

S1 0.1/3 29.6 34.1 25.1 8.0 36.9 14.4
0.5/3 15.2 19.6 11.6 −2.9 20.6 1.7
1/3 4.2 8.0 1.4 −11.5 7.2 −5.3

S2 0.1/3 12.2 10.1 14.4 −1.7 14.6 8.6
0.5/3 14.5 12.6 13.2 −0.6 19.6 7.8
1/3 9.4 9.2 13.3 −2.0 10.7 4.8

The discrepancies over ±10% are highlighted by grey. They are in concrete with all libraries and
behind the RPV with JENDL 4. In other cases calculations with all libraries give reasonable agreement
with experiment.

6. Neutron Flux Density Attenuation Factors

Attenuation factors (AF) are determined as ratios of integral flux densities at different points in the
mock−up. In this paper AF are determined for integral flux densities over thresholds of 0.1, 0.5, 1, and
3 MeV. Flux attenuations are determined for the downcomer (AF 2/3), RPV simulator (AF 3/7), space
between RPV outer surface and monitor channel (AF 7/S1 and 7/S2). The integral flux ratios S2/S1
characterize an effect of monitor channel placement and geometry.

Experimentally determined neutron flux density AF with related uncertainties are presented in the
Table 3.

In water and concrete an AF decreases with increasing threshold neutron energy. In steel the
dependence is opposite.
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Table 3. Measured neutron flux density AF.

Threshold Attenuation factors
energy, MeV 2/3 3/7 7/S1 7/S2 S2/S1

0.1 61.9 ± 3.4% 4.26 ± 3.6% 32.9 ± 4.8% 2.62 ± 2.4% 12.6 ± 4.6%
0.5 49.8 ± 3.1% 7.26 ± 3.7% 24.2 ± 5.0% 2.76 ± 2.9% 8.78 ± 4.6%
1 35.5 ± 2.8% 14.8 ± 3.9% 15.2 ± 4.4% 2.71 ± 3.0% 5.60 ± 3.6%
3 17.6 ± 3.4% 38.1 ± 4.9% 8.18 ± 4.4% 1.99 ± 4.1% 4.11 ± 3.0%

Table 4. Comparison of calculated and measured AF, (C/M-1)%.

Library
AF Threshold ENDF/B JEFF 3.1 JENDL 3.3 JENDL 4 ROSFOND CENDL

energy VII.0 2009 3.1
MeV (C/M-1)%

0.1 19.7 19.5 13.5 12.8 19.3 16.6
2/3 0.5 20.1 21.2 14.2 12.5 20.4 16.6

1.0 16.6 19.2 14.9 9.3 16.9 15.1
3.0 19.0 24.6 8.4 9.3 21.5 19.6

0.1 −8.0 −9.0 −6.5 −8.2 −9.2 −6.4
3/7 0.5 −7.3 −9.5 −3.2 −6.6 −10.6 −3.4

1.0 −3.3 −8.0 −1.2 −3.8 −4.8 1.6
3.0 −8.0 −9.0 −6.5 −8.2 −9.2 −6.4

0.1 −33.3 −32.6 −31.5 −32.7 −33.8 −24.9

7/S1 0.5 −26.7 −25.6 −27.2 −27.4 −24.5 −19.1

1.0 −24.3 −20.9 −22.4 −23.3 −22.1 −18.3

3.0 −15.6 −7.5 −18.3 −18.1 −6.9 −14.4

0.1 0.1 1.5 1.8 1.6 0.4 4.1
7/S2 0.5 −3.9 −2.1 −2.3 −2.3 −3.3 0.6

1.0 −6.1 −3.0 −5.4 −4.6 −4.0 −2.5
3.0 10.0 14.7 11.3 12.8 18.4 12.9

0.1 −33.7 −33.8 −33.0 −34.0 −34.3 −28.1

S2/S1 0.5 −23.8 −24.1 −25.6 −25.7 −22.1 −19.7

1.0 −19.2 −18.3 −17.9 −19.5 −18.7 −16.0

3.0 −23.2 −19.3 −26.6 −27.4 −21.4 −24.2

A comparison of calculated neutron flux density attenuation factors with measured ones is presented
in the Table 4, where (C/M-1)% values are shown.

The estimated uncertainties of calculated AF are not higher than 2%.
The discrepancies over 10% are highlighted by grey. As seen here calculation with every library

overestimates attenuations factors in water and underestimates in the RPV and concrete compared with
the experiment.

7. Discussion

A new experiment was carried out in the VVER-1000 mock-up on the LR-0 reactor. In this experiment
neutron spectra at representative points were measured in the energy range from 0.1 to 10 MeV
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combining the proton-recoil method with organic scintillator stilbene in the neutron energy region 0.6–
10 MeV and two hydrogen proportional counters in the region 0.1–1.35 MeV.

Neutron spectra, SI, and AF were calculated using code MCNPX 2.6.0 and nuclear data libraries
ENDF/B VII.0, JEFF 3.1, JENDL 3.3, JENDL 4, ROSFOND 2009, and CENDL 3.1.

On the barrel surface all calculated spectra agree with measured ones within the summarized
uncertainty of measurement and calculation (statistical).

On the inner surface of the RPV discrepancies between shapes of calculated and measured spectra
have the same character for all libraries: calculated group fluxes are less than measured ones between
approx. 1 and 2, 3 and 4 MeV and more between 2 and 3, 4 and 6 MeV. The discrepancies are minimal
for library CENDL 3.1 and maximal for library JENDL 4 (in the interval 4–7 MeV).

On the outer surface of the RPV there are noticeable discrepancies between shapes of calculated and
measured spectra between 3 and 4 MeV for JENDL 3.3 and between 4 and 7 for JENDL 4. For other
libraries the discrepancy between calculated and measured spectra shapes is comparable with related
uncertainties.

Results are approximately the same in channel S2 in the concrete shielding model.
In channel S1, a concrete calculation underestimates neutron flux around 2 MeV, between 3 and

4 MeV, and over 7 MeV and overestimates between 5 and 6 MeV.
Calculated SI agree with experiment data reasonably well for all libraries with the exception of

channels in concrete and JENDL 4 results on the outer RPV surface (Table 2). JENDL 3.3 gives better
agreement but JENDL 4 and CENDL 3.1 give worse agreement on the barrel surface. On the inner RPV
surface the agreement is worse in the case of JENDL 3.3 and JENDL 4. The calculation/experiment
discrepancy on the outer RPV surface is significantly higher in the case of JENDL 4 than in JENDL
3.3 and other libraries. Similar results concerning calculation of neutrons transport through iron using
JENDL 3.3 and JENDL 4 were reported in [16].

Calculations with all libraries approximately to the same extent overestimate AF in water and
underestimate in RPV and concrete (Table 4). Better agreement of calculated and measured AF in water
is found in JENDL 3.3 and JENDL 4. Better agreement of calculated and measured AF in RPV is found
in JENDL 3.3 and CENDL 3.1.

The experiments and calculations were conducted under contract No. Rea/11/34/996-10/INR between Research
Centre Řež ltd. and National Research Centre “Kurchatov Institute” (Moscow, Russia), have been funded also
by the Research Centre Řež ltd. under Czech Republic Ministry of Education, Youth and Sport project MSM
2672244501, under the SUSEN Project CZ.1.05/2.1.00/03.0108 realized in the framework of the European Regional
Development Fund (ERDF) and University of Defence CR Specific research support.
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