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CALCULATION OF RADIATION FIELDS IN THE VVER-1000
CONCRETE BIOLOGICAL SHIELD USING MONTE CARLO CODE SERPENT?

To calculate radiation fields in the concrete biological shield (CBS) of the VVER-1000 reactor in this work, we have
developed and applied the Monte Carlo code Serpent simulation framework based on the variance reduction technique.
We have quantified the radial, axial, and azimuthal variation of neutron and gamma-ray fluxes and the absorbed dose rate
in the CBS. Using the calculation results, we estimate maximum neutron fluence and maximum absorbed dose in the
VVER-1000 CBS over the period of 60 and 80 years of the reactor operation and localize the domains of highest radiation
exposure. The obtained results are in good agreement with the available data on the VVVER-1000 and other pressurized
water reactors. We show that the fluence of neutrons with energy above 0.1 MeV decreases by half at a depth of 4 cm of
concrete, and the gamma-ray absorbed dose decreases by 40 % at a depth of 13.5 cm. The outcomes from this research
will help to assess the effects of prolonged irradiation of the VVER-1000 CBS, which is required for reliable risk
assessment for extended operation of nuclear power plants.

Keywords: concrete biological shield, irradiated concrete, Monte Carlo code Serpent, VVVER-1000.

1. Introduction

The aging of nuclear power plants (NPPs) in many
countries raises a problem of the lifetime extension of
NPPs. Concrete structures of nuclear reactors provide
both strength and a biological shield. So, it is
important to assess the effect of radiation exposure on
the concrete biological shield (CBS) and other con-
crete structures of nuclear reactors. This requires the
assessment of the radiation environment in the con-
crete structures, experimental studies on irradiation of
concrete samples, and experimental and theoretical
studies in material science. The paper [1] reviews the
results of experimental and theoretical studies on
irradiated concrete and outlines the tasks to be solved
to extend the lifetime of NPPs for 60, 80, and more
years. Since the radiation environment varies with the
reactor type, design, and composition, assessing the
radiation environment for each specific reactor is an
important task [1, 2]. The radiation exposure should
be assessed for a certain reactor operation time. The
criteria used to assess whether the mechanical
properties of the irradiated concrete change, follow

from the results of experiments on irradiation of
concrete samples either by neutrons or gamma-rays.
According to [3], “The structural capacity of the CBS
will be affected by the depth of concrete where the
neutron fluence exceeds the damage threshold of
1.0-10* n/cm? (E > 0.1 MeV) and/or the depth of the
concrete where the gamma dose exceeds the threshold
of2.3-10" Rad”. However, the experimental data pre-
sented in Fig. 2 of the work [1] shows that the me-
chanical properties of concrete deteriorate only by
15 % at a fluence of 4.0 10'° cm~? while the data for
different types of concrete scatter more than 30 %.

This work aims to simulate neutron and gamma-
radiation fields in the reactor VVER-1000 with a
specific focus on its CBS using the Monte Carlo code
Serpent, and to develop a methodology that provides
sufficient accuracy of the calculated spatial
distributions of energy deposition and the radiation
fluxes in the CBS. The final aim is to estimate the
maximum fluence and absorbed gamma-ray dose for
60 and 80 years of the reactor operation and to
determine the concrete domains with the highest
radiation exposure.
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2. Neutron and photon transport simulation

In this work, we applied the Serpent code with the
appropriate Evaluated Nuclear Data File cross-sec-
tion libraries [4]. Earlier developed 2D and 3D Ser-
pent models of the VVER-1000 [5, 6] were further
improved and extended to include the reactor pressure
vessel (RPV) and the CBS. Calculations were per-

formed for the first fuel loading of the VVVER-1000 at
the Temelin NPP (Czech Republic) [7]. The detailed
dimensions and material composition within the reac-
tor barrel correspond to the benchmark [7]. The basic
design parameters of the VVER-1000 are presented
in Table 1.

Structural elements of the VVVER-1000 reactor are
shown in Fig. 1, aand b.

Table 1. Some design parameters of the VVER-1000

Thermal power RPV inner radius

RPV outer radius

CBS inner radius CBS outer radius

3000 MW 206.80 cm 226.75 cm 290.50 cm 363.50 cm
| | !
(1 B T TR
B O (PN
-
A

Fig. 1. The 3D model of the VVER-1000 in the Serpent code. a — axial cross-section: z = 355 cm is the top of the fuel,
z =238 cm is the top of the CBS, z = 0 is the bottom of the fuel; b — a fragment of the radial cross-section: 1 — reactor
core, 2 — baffle, 3 — barrel, 4 — coolant, 5 — RPV, 6 — air cavity, 7 — thermal isolation shield (replaced by air in the
present study), 8 — ionization chamber channels, 9 — CBS. (See color Figure on the journal website.)

The Serpent code is a modern Monte Carlo tool for
various reactor calculations, including the generation
and transport of neutrons and gamma-rays [4, 8]. The
task of the presented simulation is to calculate with
appropriate accuracy the radial, angular, axial, and
spectral distributions of neutron and gamma-radiation
in the CBS. In an operating reactor, neutrons and
gamma-rays are generated mainly in the reactor core.
Several layers of metal and water between the core
and the CBS attenuate neutron and photon fluxes by
five orders of magnitude and more. So, only a small
fraction of all generated neutrons and gamma-rays
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reach the CBS. Because of that, direct Monte Carlo
calculation of the radiation fields in the CBS with
appropriate accuracy requires playing out a large
number of initial histories, and the computer run-
time, which is roughly proportional to the number of
histories, becomes unrealistically long. This provides
the main challenge for the calculations presented in
this work. To achieve the appropriate accuracy, we
applied the variance reduction technique recently
implemented in the Serpent code [9].

Serpent provides two methods for neutron
transport calculations: criticality source simulation
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and external source simulation. In the criticality
source simulation, both neutron source and neutron
transport are calculated together, iteratively. In the
external source simulation, neutron transport is calcu-
lated for a given user-specified source. Both methods
allow an option for coupled neutron-photon calcula-
tion [8]. Serpent provides also a method for separate
photon transport calculation from a user-specified
source. Sources of neutrons and photons can be writ-
ten into files during the criticality calculation (the
photon source can be written in the coupled neutron-
photon calculation mode).

In Serpent, the variance reduction technique can
be applied to transport calculations only in the
external source simulation [9]. Therefore, to apply the
variance reduction, it is necessary first to perform a
criticality source simulation and write the source into
afile, and then to calculate transport with the external
source using the file written in the previous
calculation.

In addition to neutron reactions, photons result
also from the radioactive decay of fission products
and transuranic isotopes that are produced in the core
during the reactor operation. To calculate the
transport of photons from radioactive decay, we need
to know the isotopic composition of the reactor after
some period of its operation. For this purpose,
Serpent provides a depletion calculation mode which
is a burnup calculation with writing material
compositions into a restart file at each burnup step.

Having tested different combinations of the
available calculations in Serpent, we have chosen and
applied in this work the following calculation
scheme.

1. Criticality source simulation, writing neutron
source into a file.

2. Coupled neutron-photon transport calculation
with the pre-written external neutron source, using
variance reduction technique.

3. Step-by-step depletion calculation, writing the
core isotopic composition into a restart file at each
burnup step.

4. Transport calculation of photons from
radioactive decay using radioactive decay source
mode, and variance reduction technique.

Changes in the core material composition with
burnup affect the production and transport of neutrons
and gamma-rays from neutron reactions. To assess
the effect of these changes, we performed criticality
source simulations for the material composition at
several burnup steps, writing neutron source into a
file, and then performed coupled neutron-photon
transport calculation with the pre-written external
neutron source, applying variance reduction tech-
nique. In the burnup calculations and criticality
source calculations at different burnups, we used the

boron concentration matching option to keep Kes
equal to 1, maintaining in such a way a realistic neu-
tron balance and the ratio between fissions and cap-
tures in the core.

Our choice of the presented calculation scheme
was based on the results of the trial calculations. A
low number of histories in criticality source simula-
tion leads to poor quality of the particle source and
low accuracy in a subsequent transport calculation
with such a source; a higher number of histories
increases the run-time and the size of the particle
source file. For the neutrons, accuracy becomes
acceptable at reasonable run-time and source file size,
while for the photons the situation is different. Neu-
trons are produced only in the reactor core, but pho-
tons from neutron capture are produced everywhere
in the reactor. Photons from neutron capture in the
CBS give a significant share of total photon flux in
the CBS. Since very few of all neutrons reach the
CBS, sufficient quality of a photon source requires
too high initial statistics at an unrealistic source file
size. So, we refused to write and use the photon
source; instead, we wrote the neutron source with suf-
ficient initial statistics, and calculated photon
transport in a coupled neutron-photon transport cal-
culation requiring only the neutron source. To avoid
neutron multiplication, we excluded neutron genera-
tion in fission reactions using the corresponding Ser-
pent option, while the photon emission in fission was
preserved.

In this work, we used mainly global variance
reduction with cylindrical weight window mesh
which uniformly populated the entire geometry. To
determine neutron flux in the ionization chamber
channels of the CBS, we applied variance reduction
for a single detector. Fig. 2 illustrates the effect of
global variance reduction on the statistical error of the
azimuthal distribution of neutron flux.

5.0-10'°

o

4510'0 |

m2s
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Neutron flux E>0 MeV, ¢

3.0-10'0 - ; : : : : -
0 60 120 180 240 300 360

Angle, degrees
Fig. 2. Azimuthal distribution of the total neutron flux

(E>0) in the inner surface layer (1 cm thick) of the

CBS, Serpent calculations with (solid line) and without
(dashed line) variance reduction.

ISSN 1818-331X SIJJEPHA ®I3MKA TA EHEPTETUKA 2023 T.24 Ne3 233



O. M. KHOTIAINTSEVA, O. R. TROFYMENKO, V. M. KHOTIAINTSEV ET AL.

The dashed line represents the result of the
criticality calculation at 2-10° initial histories and 40
h of run-time. The solid line represents the result of
applying the global variance reduction at 108 initial
histories and three iterations and about 30 h of the
run-time.

Fig. 2 shows that in spite of high statistics and run-
time, the criticality calculation fails to resolve the
angular dependence well, even near the inner surface
of the CBS where the flux is greatest. At the same
time, variance reduction improves statistical error
dramatically, and the calculation in three iterations
yields a practically ideal fluent curve. On the other
side, a clear agreement between the results of inde-
pendent calculations shown in Fig. 2 confirms that
variance reduction does not distort the results.

Using the appropriate flux and energy deposition
tallies in the Serpent code, we obtained neutron fluxes
with different energy cutoffs, photon fluxes, dose
rates, and their radial, angular, and height distribu-
tions in the CBS. In this study, we use Serpent version
2.1.32 and data libraries with KERMA coefficients
(Kinetic Energy Release in MAterials) based on
ENDF/B-VI1.1 [10].

3. Results and discussion

We estimated the values of interest in the CBS by
means of special tallies implemented in Serpent, the
so-called detectors. To obtain flux distributions, we
use a cylindrical mesh detector and detector energy
binning. The Serpent code has several modes of
energy deposition calculation [10]. We used the most
accurate mode with the appropriate Serpent energy
deposition detector, which provides both the total
energy deposition and the energy deposition from
neutrons and photons separately. Moreover, the
energy deposited by all photons is accounted for at
the site of deposition, not at the site of photon
generation. This is especially important for secondary
photons emitted in neutron captures in the CBS. The
absorbed dose rate in Rad/s was calculated by the
formula:

D= 1005, (1)
pV

where E — the detector output, W cm® in the Serpent
code; p — the concrete density, kg/cm®; V — the
detector volume, cm®,

Fig. 3 shows height distributions of the azimu-
thally averaged neutron flux with two energy cutoffs
calculated in the 1 cm thick near-surface layer of the
CBS. The upper margin of 238 cm of the height dis-
tance in Fig. 3 corresponds to the top of the inner sur-
face of CBS (above it, the concrete truss is located).

Peak flux values (which are 4.05-10" cm%s* for the
total flux and 1.29-10" cm2s* for the fast flux) are

achieved at the height position corresponding to the
middle of the fuel.
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Height distance, cm
Fig. 3. Axial neutron flux distribution in a thin inner
surface layer of the CBS in its central part in height
relative to the fuel; 1 — total neutron flux (E > 0 MeV),
2 — fast neutron flux (E > 0.1 MeV). A vertical straight
line denotes the height position corresponding to the
middle of the fuel.

Table 2 shows the azimuthally averaged fluxes of
neutrons and gamma-rays at the inner surfaces of the
CBS and the concrete truss. The fact that the concrete
truss is exposed to lower fluxes than the CBS is
related to the location of the truss in the upper part
relative to the fuel (see Fig. 1, a).

Table 2. Neutron and gamma-ray fluxes at different height positions,
at the inner surface of the concrete of the CBS and the truss

Fluxes. cm-2s-L z=177.5cm z=272cm z=321.5cm
' (CBS) (truss) (truss)
Total neutron flux E >0 4.078-10%° 2.974-10%° 2.718-10%
Thermal neutron flux E < 0.41 eV 7.154-10° 4.650-10° 2.555-10°
Fast neutron flux E > 0.1 MeV 1.368-10%° 9.752-10° 8.911-10°
Fast neutron flux E > 1 MeV 1.487-10° 9.096-108 7.772-108
Gamma-ray flux 1.892-10%0 1.148-10% 1.016-10%

Fig. 4 shows the azimuthal distribution of fast neu-
tron flux (E>0.1 MeV) in the inner surface layer
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(1 cm thick) of the CBS in its central part in height
relative to the fuel (averaged over 50 cm in height).
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The maximum to minimum flux ratio is 1.4, average
flux is 1.29-10" cm=%s~*. Almost periodic azimuthal
dependence with a 60-degree period is related to the
periodic geometry of the core.

1.6-10'0

1.4-10'°

1.2-10'0

Neutron flux E>0.1MeV, cm?s!

1.0-10'°

120 180 240 300 360

Angle, degrees

Fig. 4. Angular distribution of the fast neutron flux
(E > 0.1 MeV) in the inner surface layer (1 cm thick) of
the CBS.
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Fig. 5. Normalized radial distributions of particle fluxes

in the first 15 cm of the CBS. 1 — total neutron flux

E > 0; 2 — thermal neutron flux E < 0.41 eV, 3 — fast

neutron flux E > 0.1 MeV; 4 — fast neutron flux

E > 1 MeV; 5 — photon flux.

0o 1

The distributions shown in Figs. 5 and 6 are norma-
lized to the corresponding maximum values of the
CBS presented in Table 4. In Fig. 6, starting point of
curves 1 and 2 corresponds to the center of the 0.75 cm

Table 3 shows the ratio of maximum fluxes and
dose rate to corresponding average values due to
angular dependence.

Table 3. The ratio of maximum values to average
values in the first 1 cm layer of the CBS

Flux and dose rate Maximum value/
Average value
Total neutron flux E >0 1.11
Thermal neutron flux E < 0.41 eV 1.06
Fast neutron flux E > 0.1 MeV 1.17
Fast neutron flux E > 1 MeV 1.23
Photon flux 1.24
Dose rate 1.29

Figs. 5 and 6 show radial dependencies of neutron
and gamma-ray fluxes (Fig. 5), and dose rate (Fig. 6)
in the first 15 cm of the CBS from the inner surface,
in the central part in height relative to the fuel. The
15 cm thick layer of concrete 50 cm in height was
divided into 20 equal radial bins, and average values
over each bin were calculated.

[e2]
T

Absorbed dose attenuati
o o o o o
no w =N [6)]

o
-

L L 1

2 3 4 5 6 7 8 9 10 11 12 13 14 15
Concrete depth from surface, cm

Fig. 6. Normalized radial distribution of the absorbed

dose rates in the first 15 cm of the CBS in depth;

1 — total absorbed dose rate; 2 — gamma-ray absorbed

dose rate.

0o 1

thick first bin in the radial direction, in the concrete. A
similar additional bin in the air directly near the inner
CBS surface was used to estimate neutron and gamma-
ray fluxes at the inner surface of the CBS.

Table 4. Radiation fluxes and absorbed dose rates at the inner surface of the CBS

Neutron fluxes, cm2s? Gamma-ray flux, Absorbgc;(;ilzse rate,
201
E>0 E<04leV E>01MeV | E>1MeV cmes Total | Gamma-ray
4.078-10° 7.154.10° 1.368-10" 1.487-10° 1.89-10% 11.2 8.7

What concerns gamma-rays produced in radioac-
tive decays, our calculation (according to items 3 and
4 of the calculation scheme described in Section 2)

ISSN 1818-331X AJEPHA ®I3VIKA TA EHEPT'ETUKA 2023 T.24

yields the flux of 7.8-10" cm=%s* on the inner surface
of the CBS, which is only 0.4 % of the gamma-ray
flux presented in Table 4 (which is a gamma-ray flux
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from neutron reactions). So, the contribution of
gamma-rays from radioactive decay can be neglected.
In addition, our calculations have shown that changes
with burnup in the core material composition affect
neutron and gamma-ray fluxes and absorbed dose in
the CBS less than 10 %.

As can be seen from Figs. 5 and 6, the flux of fast
neutrons with the energies E > 0.1 MeV falls by a
factor of 10 at the depth of 13 cm, and at the same
depth, the gamma-ray dose rate falls only by nearly
40 %. In Fig.5 all the presented neutron fluxes
demonstrate different variations with the distance
from the inner surface of the concrete. Due to the
moderation and absorption of neutrons, both fast
neutron fluxes (curves 3 and 4) fall quickly with the
distance from the inner surface. Since the high-energy
neutron flux E > 1.0 MeV (curve 4) falls slower than
the flux E > 0.1 MeV (curve 3), the share of the high-
energy neutrons (E > 1.0 MeV) increases in the fast
neutron flux E > 0.1 MeV. At the same time, thermal
neutron flux grows in the first 8 cm of concrete, due
to intense moderation of faster neutrons, and in spite
of the absorption. Along with this, the total neutron
flux (Fig. 5, curve 1) falls almost linearly in the whole
15 cm layer of the CBS, and so do the total gamma-
ray flux (Fig. 5, curve 5), the total absorbed dose rate
(Fig. 6, curve 1), and the gamma-ray absorbed dose
rate (Fig. 6, curve 2). This testifies to the important

contribution of secondary photons from radiative
captures in the CBS, since the attenuation of photons
coming from the core is near-exponential [11].
Relative statistical error of the presented results for
neutron flux distributions was less than 0.5 %, while
for the gamma-ray flux and dose rate distributions it
was less than 2 %.

For the CBS of the reactor VVER-1000, the
experimental data have been reported on the neutron
flux in the ionization chamber channels of the CBS
[12]. Using the activation method, the authors have
obtained the value of (1.08+0.2)-10° cm=s! for

the flux of neutrons £ > 1.2 MeV in the center of
the channel located at the azimuthal position
15 degrees, in the central part in height relative to the
fuel. We calculated the same flux averaged over a
50 cm long part of a channel of a similar location,
with a relative statistical error of 0.005. The calcu-
lated flux 1.30-108 cm=%st is in good agreement with
the experimental value, taking into account possible
differences in the fuel load.

Using the calculation data presented in Tables 3
and 4, we estimated the maximum neutron fluences
with different energy cutoffs and absorbed doses at
the inner surface of the CBS accumulated during 60
and 80 years of the reactor operation, assuming an
80 % capacity factor.

Table 5. Predicted maximum neutron fluence and absorbed dose in the CBS accumulated
over 60 and 80 years of operation, for the VVER-1000, 2-loop PWR, and 3-loop PWR

Fluence and 60 years of operation 80 years of operation
absorbed dose VVER-1000 | 2-loop PWR | 3-loop PWR | VVER-1000 | 2-loop PWR | 3-loop PWR
Total neutron fluence
) 6.9-10" 1.1-10% 5.4-10" 9.2.10" 1.5-10° 7.2.10°

E>0,cm
Fast neutron fluence 1 19 19 1 19 19
E>0.1 MeV, cm2 2.4-10 4.2-10 2.0-10 3.2:10 5.6-10 2.7-10
Fast neutron fluence 18 18 18 18 18 18
E>1.0 MeV, cm-2 2.8:10 4.9-10 1.3-10 3.7-10 6.5-10 1.7-10
Total

otal absorbed dose, 5210 B B 29.10° B B
Rad
Gamma-ray absorbed 10 10
dose, Rad 1.7-10 - - 2.3:10 - -

Table 5 shows a reasonable agreement between
the values predicted in this work for the VVER-1000,
and similar available data for 2-loop and 3-loop
pressurized water reactors (PWRS) [2].

4. Conclusions
This work is devoted to 3D calculations of
radiation fields in the CBS of the VVVER-1000 power

nuclear reactor using the Serpent Monte Carlo code.
On the way from the core to the biological shield,
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neutron and gamma-ray fluxes are greatly attenuated.
In order to obtain reliable results with sufficient
accuracy within a realistic computer run-time, we
have developed a calculation scheme using the
variance reduction technique, paying special attention
to self-checking and consistency of the results.

From the obtained results, we have determined the
maximum fluence of fast neutrons, the maximum
absorbed dose, and the localization of domains of the
CBS with the highest radiation exposure; these are the
characteristics that determine the deterioration degree
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of the mechanical properties of concrete and the sta-
bility of concrete structures during the long-term
operation of VVER-1000. According to [1 - 3], no
universally applicable threshold of radiation exposure
exists: the deterioration of mechanical properties can
be expected at fluences exceeding 10*° cm=2 and the
gamma-ray absorbed dose exceeding 2.3-10'° Rad,
and the actual threshold depends on the cement brand,
the technology of pouring of concrete during the con-
struction, the type of reactor and its operating condi-
tions. In each such case, additional detailed experi-
mental studies of the radiation resistance of a specific
type of concrete are recommended. If we take
10" cm for the fast neutron fluence (E > 0.1 MeV)
and 2.3-10"° Rad for the gamma-ray absorbed dose as
the reference values, the following conclusions
follow from the obtained results.

In the central part in height relative to the fuel of
the near-surface layer of the CBS, the fast neutron flu-
ence (E > 0.1 MeV) exceeds the reference value of
10 cm~2 already in 21.4 years of reactor operation in
some azimuthal positions, and in all azimuthal posi-
tions — in 29.3 years. During the 80-year operation
period, the excess in fast neutron fluence is achieved
in a layer of concrete up to 6.5 cm thick, in the most
unfavorable height and azimuthal positions; the
gamma-ray absorbed dose does not achieve the refe-
rence value of 2.3-10'° Rad during the 80-year opera-

tion period. In the support truss, the achieved fast neu-
tron fluence is lower, due to the location of the truss
in the upper part relative to the fuel.

The estimates of fluence and dose obtained in
this work for a long period of operation of the
VVER-1000 reactor can help — together with the
experimental studies of radiation damage of concrete
and complex material science studies — to assess the
risks of long-term irradiation of the CBS and the pos-
sibility of the life-time extension of the reactor
VVER-1000.

The Serpent calculation scheme developed in this
work can be applied (directly or with certain modifi-
cations) to estimate the radiation exposure to the CBS
for each specific VVER-1000 unit and for VVER-440
reactors. In addition, the proposed calculation scheme
can be useful for choosing the best material composi-
tion of the CBS of future reactors, including small
modular reactors, which could be built in Ukraine.

The presented research was carried out within the
framework of the Horizon 2020 project ACES. This
project has received funding from the Euratom
Training and Research Program 2019 - 2020 under
grant agreement No. 900012. The project is related to
the assessment of the stability of safety-critical
concrete infrastructure in connection with the
problem of the lifetime extension of nuclear power
plants.
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PO3PAXYHOK PATIALIMHMX IMOJIIB Y BETOHI BIOJIOTTYHOI'O 3AXHCTY BBEP-1000
3A JOIIOMOI'OIO MOHTE-KAPJIO KOAY SERPENT

st po3paxyHKy pajialiifHux modiB y 6eroHi 6ionorigynoro 3axucty BBEP-1000, Mu po3poOwmiu i 3acTocoByeMO y
1iif po0OTi METOIUKY MOJAECTIOBAHHS 3 BUKOPHCTAHHAM TEXHIKH 3MEHIIECHHs nucnepcii Ha ocHoBi MoHnTe-Kapno kony
Serpent. Po3paxoBaHO pamianbHi, akCiallbHI Ta a3UMyTallbHI 3aJIe)KHOCTI MOTOKIB HEHTPOHIB 1 raMMa-TIpOMEHIB Ta
MOTY>KHOCTI TOTJIMHYTOI J03W y OeToHi OiomoridyHoro 3axucTy. Ha OCHOBI pe3ymnbTaTiB pO3paxyHKIB OILIHEHO
MaKCUMaJIbHI (pIIroeHCH HEHTPOHIB 3 PI3HUMH BiJCIYKaMH IO €HEpTii i MAaKCUMaJIbHy MOTJIMHYTY 03y B O10JIOTiTHOMY
3axucti BBEP-1000 3a 60 i 80 pokiB ekcruryarariii peakropa, Ta BH3HAYCHO OO0JIACTi 3 HAMOLIBIIMM paxiariiiHuM
HaBaHTaXEeHHAM. OTpUMaHi pe3yJbTaTH 100pe Y3roMKYyIOThCS 3 HasIBHUME Yy JitepaTypi ganumu moxo BBEP-1000 ta
iHmmx peaxropiB Tuny PWR. [lokaszano, mo ¢uroeHc HelTpoHiB 3 eHeprieto Buie 0,1 MeB 3meHIIyeTbes: BABiYl Ha
rOuHi 4 cM OeToHy, a TOIJIMHYTa J03a TaMMa-BHIIPOMIHIOBaHHs 3MeHIIyeTbess Ha 40 % Ha rmbuni 13,5 cm.
PesynbTaTi IHOTO AOCIIIKEHHSI TOTTOMOXKYTh OL[IHUTH HACJIIIKH TPUBAJIOTO OTIPOMiHEHHSI 0E€TOHY 0i0JI0TIYHOTO 3aXHCTY
BBEP-1000, mo HeoOXiHO IS TOCTOBIPHOI OIIHKK PHU3HKIB, TOB’S3aHKUX i3 MPOJOBXKCHHAM TEPMIHIB EKCILTyaTaIlii
ATOMHUX EJIEKTPOCTAHIIIH.

Kniouosi crosa: 6eToH OionoridHoro 3axucTy, onpominenuit 6eron, Monre-Kapio kon Serpent, BBEP-1000.
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