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a b s t r a c t

To study the thermophysical and neutronic properties of thorium-plutonium fuel, a conceptual design of
a hybrid facility consisting of a subcritical ThePu reactor core and a source of additional D-D neutrons
that places on the axis of the core is proposed. The source of such neutrons is a column of high-
temperature plasma held in a long magnetic trap for D-D fusionreactions. This article presents com-
puter simulation results of generation of thermonuclear neutrons in the plasma, facility neutronic
properties and the evolution of a fuel nuclide composition in the reactor core. Simulations were per-
formed for an axis-symmetric radially profiled reactor core consisting of zones with various nuclear fuel
composition. Such reactor core containing a continuously operating stationary D-D neutron source with a
yield intensity of Y ¼ 2 � 1016 neutrons per second can operate as a nuclear hybrid system at its effective
coefficient of neutron multiplication 0.95e0.99. Options are proposed for optimizing plasma parameters
to increase the neutron yield in order to compensate the effective multiplication factor decreasing and
plant power in a long operating cycle (3000-day duration). The obtained simulation results demonstrate
the possibility of organizing the stable operation of the proposed hybrid ‘fusionefission’ facility.
© 2020 Korean Nuclear Society, Published by Elsevier Korea LLC. This is an open access article under the

CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

In the last decade, work has been carried out on the design and
construction of various types of low-and medium-power fission
reactors [1e3], with an emphasis on fourth-generation innovative
nuclear systems [4]. The majority of this work has been undertaken
in countries that already have nuclear power stations and in those
that are still developing nuclear energy (India, Iran, Ethiopia,
Indonesia, etc.). Reactor plants of this type are a suitable source of
electrical and thermal energy for spatially remote regions and
separately located consumers of high capacity. An example of this is
the floating nuclear power plant named Akademik Lomonosov,
which is located in the Russian Federation in Chukotka. This plant
uses two ship-type installations, model KLT-40S [5], with a capacity
of 38MWe (150MWth) each. China and the USA are also developing
similar low-power installations, and it is expected that China will
by Elsevier Korea LLC. This is an
put the first of such plants into operation in 2020. Moreover, China
is currently striving to be the market leader in the supply of
spherical fuel elements for the promising high-temperature gas-
cooled reactors (HTGRs) [6]. Currently, the USA is the main
competitor of China in this field. On 21 December 2018, the USA
resumed a project that was started in 2015 to commercialise small
modular reactors (SMRs) and announced the construction of a
nuclear innovation system at a site in Idaho (Idaho National Labo-
ratory), with a complex consisting of 12 SMRs of 60MWe each (see
Ref. [7]).The USA is also to begin the construction of a demonstra-
tion plant that will produce TRISO (TRI-structural ISOtropic) fuel for
a 75 MW (200MWth) Xe-100 HTGR. The demonstration line is to be
built at the Oak Ridge National Laboratory using commercial
equipment, and experimental studies with the resulting fuel are to
begin in early 2020 [8].

A promising avenue in the development of low-power nuclear
energy is thorium HTGR technology [9e12,14e17]. The use of
combined thoriumeplutonium fuel for use in high-temperature
reactors and hybrid ‘fusionefission’ systems is a viable alternative
open access article under the CC BY-NC-ND license (http://creativecommons.org/
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Fig. 1. Conceptual design of the hybrid ‘fusionefission’ reactor facility.

Table 1
Isotopic composition of plutonium for two types of fuel assemblies.

Pu isotopes [wt.%] 238Pu 239Pu 240Pu 241Pu 242Pu

Type 1 (Reactor-grade Pu) 1.8 59 23 12.2 4
Type 2 (Weapons-grade Pu) 0 94 5 1 0
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to traditional uranium fuel according to several studies undertaken
in Russia. Furthermore, thorium and plutonium are already accu-
mulated in large quantities. Thorium is contained in the dumps that
result from the mining and processing of rare-earth raw materials,
and plutonium accumulated in industrial reactors during the Soviet
period and has been in long-term storage. Considering the prop-
erties of thorium and plutonium isotopes, which have been widely
discussed (e.g. see Ref. [9,13]), we proposed and analysed [15e17]
an HTGR with thorium fuel. The core of this reactor plant was
assembled from unified hexagonal fuel blocks with channels for
accommodating fuel and pumping helium to remove the heat
generated by the fuel, and it can operate for at least 3000 effective
days at a power of 60MWth. This reactor installation (a high-
temperature gas-cooled thorium reactor), like other fourth-
generation reactors [3,5e8,11,18e22], is a convenient source of
electricity and heat for remote regions of the country. An important
feature of this installation is that it does not consume significant
amounts of water from nearby rivers or special reservoirs. The
configuration of the fuel blocks and the core proposed in Ref. [16]
makes it relatively simple to modify the reactor to obtain new
functional properties. Modifying the core can transform it to a
‘fusionefission’ nuclear system, as described in Ref. [23e25]. The
core of this nuclear fusionefission system is composed of unified
HTGR hexagonal blocks [15], the axial area of which is defined by a
long magnetic trap to confine high-temperature plasma [23,24].
This plasma column generates additional neutrons from thermo-



Fig. 2. Schematic view of the vacuum chamber with the solenoid and the distribution
of the magnetic field for the region of the fuel assembly in the facility (up and down,
respectively). All spatial sizes are given in centimetres.
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nuclear reactions. Such a hybrid system can operate safely in both
the sub-critical (keff � 0:95) and the near-critical (keffz 0:99)
modes, burning long-lived minor actinides and producing heat and
electricity [25]. The nuclear safety of this system is ensured by the
neutronic properties of thorium, the negative temperature effect of
reactivity and the control and monitoring of the plasma neutron
source.

The D-D neutron plasma source is considered for neutron feed
of a thorium reactor plant in this paper. Reactors like molten salt
reactors (MSRs) [19,20,22,27] or hybrid systems, whose concept is
described in Refs. [28e36], can be used to solve today's problems
of nuclear energy. A hybrid ‘fusionefission’ reactor on molten
thorium salts using a plasma column as a source of additional
neutrons was previously proposed by researchers from the Law-
rence Livermore National Laboratory (LLNL) and has been dis-
cussed at conferences and in scientific publications [31,32]. From
the above description of our proposal, we considered the type of
assembly of the fuel units, which is fundamentally different from
the proposal put forward by the LLNL. Namely, we proposed using
amicro-encapsulatedmixture of thorium and plutonium oxides in
a graphite matrix. Previous preliminary studies have shown that
the power of the neutron source stated in Ref. [23e25] is not
sufficient to operate a hybrid system in the traditional critical
state. Nevertheless, an extended plasma neutron source based on
a magnetic trap can be effectively used for conducting experi-
ments to study the neutron and thermo-physical properties of
thoriumeplutonium fuel.

Studies carried out earlier and described in Ref. [16,25] have
shown that the integral neutron flux density in the core of HTGRs
with a micro-encapsulated thoriumeplutoniummixture is equal to
8� 1013 neutrons cm�2 s�1) at a reactor power of 60MWth. In order
to be able to use a plasma neutron source in a hybrid system for
irradiation and other experiments, it is necessary to achieve a
specific neutron yield per linear meter of the plasma column at the
level of ~1014 neutrons cm�2 s�1 [25]. In the case of an average
energy of hot ions of 50e80 keV in the plasma column, the
necessary neutron yield can be achieved by replacing some
deuteriumwith tritium at other plasma parameters no changeable.
The generated neutrons have an energy of 2.45 MeV for the D-D
reaction and 14 MeV for the D-T reaction. The absolute value of the
neutron flux from the surface of the magnetic trap containing the
plasma obtained frommixing deuteriumwith tritium is close to the
flux in the reactor core operating in critical mode.
We used a dispersion fuel [17,37] to load our proposed
synthesis-fission hybrid reactor, which is a fuel compact consisting
of a graphite matrix and a micro-encapsulated mixture of thorium
and plutonium oxides. Such micro-capsules uniformly fill the inner
part of the fuel compact and allow for the spatial distribution of the
fuel phase according to the desired law in the volume of the core.
Dispersion nuclear fuel has several advantages compared with
traditional oxide fuel, including high thermal conductivity, radia-
tion stability and thermal stability, as well as an increased service
life and deeper burning of fissile isotopes. For future fourth-
generation nuclear systems, Tomsk Polytechnic University is
already working to create a technology for the manufacturing of
such nuclear fuel using the plasma-chemical method [37].

As the core of the fission reactor and the ‘fusionefission’ hybrid
system with such fuel has not been previously studied in neutron-
physical and thermo-physical experiments, it was necessary to
create a facility that enables the necessary irradiation experiments
to be carried out in order to study the properties of thorium fuel.
Based on the necessity of the experimental studies, the aim of our
research was to create a special stand to allow for comprehensive
fundamental neutron-physical and thermo-physical studies of
thorium-containing fuels for high-temperature fission reactors and
hybrid ‘fusionefission’ systems. This stand concept is based on the
HTGR project (Tomsk, Russian Federation) [16] and contained a
long magnetic trap with high-temperature plasma to serve as a
source of thermo-nuclear D-D and D-T neutrons (Novosibirsk,
Russian Federation) [23]. Such a hybrid reactor installation does not
operate in a critical mode, as in traditional reactors, but rather in a
sub-critical or near-critical state with mode control by a flux of fast
neutrons from an external source.

2. Facility for studying the evolution of fuel composition

2.1. Schematic of a facility with a gas-cooled fission reactor core

The facility researched in this work consisted of a fuel sub-
critical assembly combined with a long magnetic trap for plasma
confinement that operated as a source of fusion neutrons (Fig. 1).
The source of D-D fusion neutrons was placed in the central area of
the fuel-containing part of the reactor core composed of hexagonal
graphite fuel blocks. A detailed description of the base configura-
tion of the reactor and its core is provided in Ref. [16,17].

There were two types of fuel assemblies in the arrangement
scheme of the thorium sub-critical core. They had two different
isotope compositions of plutonium, which are described in Table 1.
The position of these two types of fuel assemblies in the sub-critical
core cross section was determined according to the results of the
optimisation of the core structure by computer simulation. The
fuel-containing part of the core was covered by two layers of
hexagonal blocks of pure graphite (the grey hexagons in Fig. 1). The
facility core with the fuel was 2.4 m in length and was composed of
three rows of fuel blocks of unified construction (these rows are
marked 2, 3 and 4 in Fig. 1 (a)) [15]. These fuel blocks were hex-
agonal graphite fuel blocks, whose cross section had a width of
0.207 m and a length of 0.8 m (see Fig. 1 (b)). There were 78 holes
with a diameter of 8.2 � 10�3 m for fuel pellets and seven holes
with a diameter of 2.4 � 10�2 m for passing the gaseous coolant
(helium) (see Ref. [16]). Pure 0.3 m thick graphite covered the top
and bottom of the core.

In the central area of the sub-critical assembly along its axis,
there was a solenoid containing a vacuum chamber with a plasma
column which parameters were sufficient to a fusion reaction. A
short magnetic trap for neutral beam injection was joined to this
solenoid. Fast sloshing ions intended to produce fusion reactions
were confinement in these two sections. The total length of these



Table 2
Spatial and technical parameters of the plasma device.

Performance Value

Length of the plasma column in the neutron-producing section 3 m
Outer radius of the solenoid inside the sub-critical assembly 0.6 m
Inner diameter of the vacuum chamber in the neutron-producing section 0.35 m
Magnetic field in the neutron-producing section 2.0e2.5 T
Length of a plasma column with sloshing ions 8 m
Particle energy of the injected beams 200 keV
Total power of beam injection 100 MW
Magnetic field in the section for neutral beam injection 0.7e1.0 T
Magnetic field in the mirror plug 15 T

Table 3
Plasma parameters in the solenoid inside the fuel assembly of the facility.

Performance Value

Diameter of the plasma column in the neutron-producing section 0.2 m
Warm plasma (ion) density in the neutron-producing section 0.6 � 1013 cm�3

Ion temperature of the plasma in the neutron-producing section 0.4 keV
Electron temperature of the plasma in the neutron-producing section 1.4 keV
Density of high-energy sloshing D-ions 15 � 1013 cm�3

Average energy of sloshing ions 80 keV
Relative plasma pressure (b) 0.64
Particle confinement time of background plasma 0.8 ms
Particle confinement time of fast ions 49 ms
Density of the radial neutron flux from plasma in case of D-D reaction (Q ¼ 4 � 10�4) at the vacuum chamber wall (i.e. at radius 15 cm) 6.4 � 1011 neutrons cm�1 s�1
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two joined sections of the facility was 8 m. If one would decide to
suppress longitudinal losses of plasma energy along the axis by two
addition solenoids with homogeneous magnetic field, which were
added to both end of the two sections containing sloshing ions the
total length of the magnetic field system could achieve 20 m. To
minimise the total length of the facility magnetic system we pro-
posed to apply sections with amulti-mirrormagnetic field as that is
presented in Fig. 1(a). At these conditions, the total length of the
magnetic field with the plasma columnwas about 12 m. A detailed
description of the corewith the plasma column in the central part is
provided in Ref. [25]. In accordance with [25], the plasma neutron
source had to replace seven fuel blocks in the cross section of the
reactor core. A magnetic system of the plasma source of the neu-
trons was constructed as a solenoid with copper winding. A sche-
matic of the solenoid placed in the fuel assembly is shown in Fig. 1
(c) и 2. In our computer simulation, we used a detailed drawing of
the magnetic coils. As can be seen in the image, water flow was
applied to cool the copper winding. The left end of this section of
the facility was connected to a vacuum chamber for the injection of
high-energy neutral beams. In order to suppress longitudinal losses
of high-temperature plasma, multi-mirror sections were added at
the ends of the central part of the facility. The magnetic field profile
along the z-axis in the area of the facility for placement of the fuel
assembly with the source of extra neutrons is presented in Fig. 2.
The central cross section on the length of the vacuum chamber in
which plasma heating by neutral beam injection occurred was
chosen as a zero point for the z-axis. In a simulation of the fusion
neutron emission from the heated plasma column, we used the
exact geometry of the vacuum chamber and copper winding cooled
by water in the computer calculation, in accordance with the
schematic in Fig. 2.

2.2. Plasma source for generating fusion neutrons

One of the key units of the facility was the plasma fusion
neutron source (FNS). The idea of using a plasma device for D-D (or
D-T) neutron production was based on a gas-dynamic multi-mirror
trap (GDMT) [23,24] that is currently under development at the
Budker Institute of Nuclear Physics. The stated goals of the GDMT
project include the confinement of deuterium two-component
plasma consisting of fast sloshing ions with a mean energy of
about 80 keV and bulk plasma with an electron temperature of up
to 1 keV and a density of 1020 m�3 with at least 1 s duration. The left
part of the main long magnetic system of our facility with the high-
temperature plasma is an openmagnetic mirror trap where there is
an oblique injection of neutral atoms into the bulk plasma to pro-
duce high-energy sloshing ions (deuterium and/or tritium). The
right part of the linear magnetic system is a solenoidwith a vacuum
chamber surrounded by the thorium sub-critical assembly. The
sloshing ions have an anisotropic distribution function in the ve-
locity space. By choosing the angular spread of the sloshing ions
and the axial magnetic field profile in this solenoid, we can maxi-
mise the fusion neutron flux in the region of the sub-critical as-
sembly. In addition, two long super-conducting multi-mirror
solenoids are installed to suppress the longitudinal plasma losses
outside the ends of the long linear magnetic system. The geomet-
rical sizes of the units of the plasma device and an estimation of the
main technical parameters are given in Table 2. In this table, the line
‘Length of a plasma column with sloshing ions’ means the total
length of two joined together unites of the device: for the injection
of neutral atoms and for the generation of fusion neutrons in the
region of the sub-critical assembly. Simulation of fusion neutron
generation in the long solenoidal trap with heated plasma was
conducted using the computer code DOL [26] for the plasma pa-
rameters, which could be achieved in the GDMT-facility experi-
ments [23]. There were three main components in the model
underlying the DOL code [24]. The first was a non-stationary
bounce-averaged kinetic (FokkerePlank) equation that described
the variation of the distribution function of the high-energy
sloshing ions (called fast ions). The second were non-stationary
equations of particle and energy balance for the background
plasma, which includedwarm ions and electrons. It was assumed to
be much colder than fast ions and to have Maxwellian distribution
functions.

The third component in the model was a stationary kinetic
equation for the distribution function of a neutral gas. This



Fig. 3. D-D neutron yield profile in a plasma column inside the sub-critical assembly (on top, the region is marked by a brown bar) and below the distributions of the density of the
high-energy sloshing ions and cold plasma density.

Fig. 4. A schematic of the fuel evolution simulations.
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Fig. 5. Effective multiplication factor of the facility versus plutonium mass percentage
in fuel composition Pu(a), Th(1-a).

Fig. 6. Time evolution of the effective multiplication factor during the operation cycle
of the facility in 3000 days.

Fig. 7. Time evolution of the generated power of the facility during its operation cycle
in 3000 days.
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component describes the interaction between the plasma and the
neutral beams that are produced by the Neutral Beam Injector (NBI)
system. This NBI system is the main heating system in the GDMT
project. All these equations were solved simultaneously, and the
obtained distribution functions were used to calculate the fusion
reaction rates. Fusion neutrons aremainly produced by interactions
of sloshing ions that take into account their energy and angle dis-
tribution function. Additionally, a small number of neutrons are
generated by the interaction of sloshing ions with background ions.
The magnetic field line configuration in the solenoid for the fuel
sub-critical assembly was chosen to achieve a homogeneous dis-
tribution of the thermo-nuclear neutron emission over the as-
sembly axis (see the plot in Fig. 2). Based on the plasma parameters
achieved in the linear magnetic system of the facility, we deter-
mined a set of parameters appropriate for the simulation of the fast
neutron generation inside the sub-critical assembly. This set of
plasma parameters is provided in Table 3, which were used to
calculate the radial neutron emission from the plasma column in
the solenoid placed inside the fuel assembly. The result of the
calculation of the distribution neutron emission over the axis of the
plasma column in the solenoid is shown in Fig. 3. The neutron
emission was nearly homogeneous in the part of the plasma col-
umn that was situated inside the sub-critical assembly (this part is
marked by a brown bar in the plot in Fig. 3(a)).

We analysed the time evolution of a thoriumeplutonium fuel
composition (ThO2ePuO2 mixture) when the containing of the
plutonium component in the mixture was several percent. The
percentages of different plutonium isotopes are presented in
Table 1.

3. Computer codes to calculate the evolution of fuel
composition: choice of the initial composition

In order to choose between two types of fuel assemblies, we
used the MCU5TPU series programme code [38]. The types of fuel
assemblies are presented in Table 1, with different isotope com-
positions of plutonium in the (Th, Pu) O2-mixture. This computer
model was used to design the structure of the fuel core with the
plasma fast neutron source in the facility and calculate the
Table 4
Nuclear density of isotopes in the (Th, Pu)O2-mixture.

Th [wt.%] Pu [wt.%] 239Pu [cm�3] 240Pu [cm

96 4 0.19 � 1020 0.11 � 10
evolution of the fuel composition in the sub-critical assembly
during an extended period of burning up the fuel. As mentioned
above, the generation of 2.45 MeV (D-D fusion) neutrons in the
plasma column inside the fuel core was calculated using the DOL
code. Several numerical codes were used to describe the further
transport and multiplication of neutrons inside the core. The
effective multiplication factor (keff ), distribution of neutron fluxes
and energy release were obtained by the Monte Carlo code PRIZMA
[39] with continuous neutron data from the ENDF/B-VII.I database.
Calculations of the nuclear fuel kinetics were carried out using the
RISC code (Zababakhin All-Russia Research Institute of Technical
Physics, Russia) with data on decays from the ENDF/B-VII.0 data-
base and the calculated results of fuel burn-up. Fuel burn-up was
calculated in conjunction with the calculation of the neutron
transport with the PRIZMA code. In addition to the results obtained
with the PRIZMA code, the burn-up coefficient of various
�3] 241Pu [cm�3] 232Th [cm�3] keff
19 0.21 � 1018 5.09 � 1020 0.9480



Fig. 8. Time evolution of the fuel components and generated isotopes.

Fig. 9. Percentage of neutrons with energy less than the axis value (at the beginning of
operation) for four inner rows of reactor core blocks.

Fig. 10. Nuclear density of various isotopes versus the time of the facility operation.
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constituents of the fuel was calculated using the computer code
MCU5TPU (ENDF/B-VII.0). A schematic of the simulation process is
shown in Fig. 4.

The calculation started from the input of an initial data file (IND)
and an initial isotope composition (ZAj). Next, the effective multi-
plication factor for neutrons in the facility was calculated using the
Monte Carlo code PRIZMA.K. The PRIZMA code was then used to
calculate acts (Nfis), such as energy release (E), flux (f) and nuclei
production rate (sxNif). In the final stage of one computer calcu-
lation circle, we used the code RISK to calculate the evolution of
isotope composition in time Dt{ZAj} for the fuel sub-critical as-
sembly. For the second calculation circle, the IND and isotope
composition (ZAj) were obtained as a result of the first calculation
circle. For the third circle, the results of the second calculation circle
were used. At the first step of the simulation, we studied the
effective multiplication factorof neutrons in our facility for the case
of no neutrons from the plasma column. We calculated keff of the
facility as a function of the plutonium percentage in the fuel
composition Pu(a), Th(1-a). The result is shown in Fig. 5. Based on
the simulation results, to ensure a strong sub-critical state in the
facility, keff had to be 0.95, and for this, the mass plutonium per-
centage was. a ¼ 4%:
The nuclear densities of various isotopes in the radioactive
component of plutonium in the fuel are presented in Table 4.
4. Results of computing physical parameters evolution

For the geometry and parameters of the researched facility
operated as a test stand to study the thoriumeuranium fuel evo-
lution, we calculated the evolution of the effective multiplication
coefficient keff ðtÞ and power PðtÞ in the case of a neutron emission
intensity of 2 � 1016 neutrons s�1 from the D-D reaction. These
simulations were conducted taking into account the specifics of
using isotope 232Th as a nuclear fuel in the following process:
232Thþn/233Th (in 22min)/ 233 Pa (in 27 days)/ 233U (1.6� 105

years). As the production of the fissile isotope 233U from 232Th
passes through an intermediate stage with the 233 Pa isotope, from
which 233U is obtained through the beta-decay process with a half-
life of 27 days, transit to a stationary level of nuclear concentration
of 233U can be realised in several months from the beginning of a
working cycle. Reactor core poisoning as a result of an accumula-
tion of xenon (135Xe) and samarium (149Sm) must also be consid-
ered. Accordingly, we conducted simulations with the Monte Carlo
model in two stages. The first stage lasted for 70 h with a time step
in the description of processes equal to 1 h. The second stage lasted
for 3000 days with the step being one day. We carried out simu-
lations for two values of the effective multiplication factor
keff ¼ 0:95 (a ¼ 4%), a mode of the facility with the assembly at a
strongly sub-critical state, and keff ¼ 0:99 (a ¼ 5%), a mode with
the assembly in conditions close to a critical state.
4.1. Assembly at a strongly sub-critical state

Monte Carlo simulations of the effective multiplication factor
keff and the generated fission power P for the first 70 h (about three
days) are plotted in Figs. 6 and 7. The pink lines board the area of
the plot where the results of 97% of 107 histories in the Monte Carlo
simulations are presented.

The time evolution of the fuel component and generated iso-
topes is plotted in Fig. 8. As nuclear reaction rates strongly depend
on neutron energies in the local area, we controlled the neutron
energy spectrum in all steps of the simulation for the fuel
composition evolution. The neutron spectrum InðEÞ in themain part
of the assembly (four layers of fuel blocks in the reactor core) is
presented in Fig. 9 for the beginning of the operation time. The plot

demonstrates the percentage of neutrons InðEÞ ¼
Z Ei

0
fnðEÞdE=

Z ∞

0



Table 5
Nuclear density of isotopes in the (Th, Pu)O2-mixture.

Th [wt.%] Pu [wt.%] 239Pu [cm�3] 240Pu [cm�3] 241Pu [cm�3] 232Th [cm�3] keff

95 5 3.98 � 1020 1.97 � 1019 1.05 � 1018 2.10 � 1020 0.9847

Fig. 11. Effective multiplication factor (blue curve) versus operation time.
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fnðEÞdEwith an energy of less than the energy value pointed on the
axis. As can be seen, about 90% of the neutrons had an energy of less
than 1 eV. Such a neutron spectrum is highly suitable for nuclear
reaction acts. The neutron spectrum InðEÞ almost did not vary
during all operation cycles in the facility. The nuclear density of
various isotopes NðtÞ [cm�3] as a function of the operation time of
the facility is plotted in Fig. 10 during the operation cycle of 3000
days.
Fig. 12. Power generated by the sub-critical ass
As is shown in Fig. 10, the nuclear density of 239Pu decreased
continuously, whereas the nuclear densities of 233U and 241Pu
increased monotonously during the whole irradiation cycle.
Remarkably, the nuclear density of 233U resulting from (n,g) reac-
tion from 232Th exceeded the nuclear density of the 241Pu isotope,
which was initially present in the fuel mixture after 500 days of
operation and up until the end of irradiation. 239Pu, 233U and 241Pu
are important fission isotopes that determine the type of keff ðtÞ and
PðtÞ dependencies. This fact is demonstrated in Figs. 6 and 7. In
Fig. 6, it can be seen that keff decreased monotonously from 0.95 to
0.8 during the whole irradiation cycle. The rate of loss (decrease) of
keff was (Dkeff=Dt) ¼ 0.005% per day and remained almost
unchanged.

However, the evolution of the generated power (P) was
different. PðtÞ decreased in two times rapidly from 2.1 to 1.0MWth
during the first 500 days, and the rate of power loss decrease
(DP=Dt) was equal to 0.22% per day. Later, this process decelerated
(DP=Dt ¼ 0.023% per day) because of the accumulation of the
required amounts of isotopes of 233U and 241Pu in the core that can
fission and generate energy.
4.2. Fuel assembly of the facility in conditions close to a critical
state

In case of usage D-D reaction in the plasma neutron source with
the yield of neutrons from the plasma column on the level
2 � 1016 neutrons s�1, the time behaviour of the thorium fuel in our
facility for keff ¼ 0:99 could be analysed (see Table 5).

The results of the Monte Carlo simulations of the coefficient keff
and the generated fission power P for the first 70 h are plotted in
Figs. 11 and 12 for this regime. As can be seen, the effective neutron
embly (blue curve) versus operation time.



Fig. 13. Time evolution of the nuclear concentration of isotopes.

Fig. 14. Time evolution of the nuclear concentration of isotopes. Curves (1), (2) and (4):
FNS is off. Curves (3) and (5): FNS is on.
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multiplicity coefficient and the power generated by the near-
critical (keff ¼ 0:99) assembly decreased in the operation time of
the facility, which guarantees the safety of the chosen operation
mode. At the same time, the increase of keff from 0.95 to 0.99 led to
a more than fivefold increase in thermal power (Fig. 12).

The time evolution of the fuel components and generated iso-
topes (keff ¼ 0:99) is plotted in Fig. 13. These plots demonstrate the
temporal evolution of the difference between the nuclear concen-
tration of described isotopes and their initial concentration. It
should be noted that the nuclear density of the fuel component
233U increased significantly when keff ¼ 0:99 (Fig. 13) compared to
when keff ¼ 0:95 (Fig. 8). The input of two components (239Pu and
232Th) of the nuclear fuel in energy production changed consider-
ably in time for a long-time operation, as demonstrated in Fig. 14.

The contributions of 239,240,241Pu, 233U and 241Am isotopes are
dominant during the whole irradiation cycle. 232Th in both the first
(keff ¼ 0:95; see Table 4) and the second (keff ¼ 0:99; see Table 5)
cases is the source of 233U, whose concentration in the middle of
the cycle is sufficient to decrease the rate losses of keff ðtÞ and pðtÞ.

There are several ways to prevent a decrease in the level of
generated power in the fuel assembly. One method involves grad-
ually increasing the neutron generation rate per unit volume of the
plasma source starting from the level of 1011 neutrons cm�3 s�1.
Integration across the plasma column yields the neutron genera-
tion rate per unit device length, and this value is equal to
6 � 1013 neutrons cm�1 s�1 (Table 3). The required increase in DD
neutron generated plasma to the composition given in Table 4
(keff ¼ 0:95), illustrated in Fig. 15.

This process can be realised by a stepwise increase in the per-
centage of tritium in the high-energy neutral beam injected into
the plasma column. Another way of supporting the level of
generated power is to place control rods to systematically keep the
neutron multiplicity coefficient on the level of keff ¼ 0:95 in case of
a substantial increase in the percentage of plutonium in the initial
fuel composition. In order to control the operating state of the fuel
assembly, the fuel isotope composition can also be varied during
the operation time. It is also possible to use themultiplication of the
neutrons emitted from the plasma column.
5. Summary and conclusion

In this study, we showed that we have written computer codes
to calculate a long operation time of the facility consisting of a
thorium-fuel sub-critical assembly combined with a plasma source
of fusion neutrons in a long magnetic trap. These codes allow the
analysis of the possibility of utilising a modified thorium sub-
critical assembly to address the problems of a long reactor core
operation time in a high-temperature gas-cooled thorium reactor.

The computer simulations of the sub-critical assembly opera-
tion showed the following:

(1) At the chosen geometry and operation parameters of the
thorium assembly for a strongly sub-critical state, the
decrease of the effective multiplication factor keff and the
fission generated power (P) was expected in an operation
time of 3000 days in the case of the intensity of neutron
emission of 2 � 1016 neutrons s�1 from the FNS. The effective
multiplication factor keff decreased from 0.95 to 0.8 and the
power P decreased from 2.1 to 0.4 MW.



Fig. 15. Increase in the neutron production rate per volume unit as a function of the
operation time of the fuel assembly in the facility.

A.V. Arzhannikov et al. / Nuclear Engineering and Technology 52 (2020) 2460e2470 2469
(2) To compensate the effects influencing keff , the calculations
for developing a proper operation of the plasma D-D gener-
ator have been made.

(3) The neutron spectrum inside the fuel assembly obtained in
the simulations demonstrated that about 90% of all the
neutrons were concentrated in an energy range of less than
1 eV, which is suitable for a nuclear reaction.

(4) The time evolution of the fuel components as well as the
generated radioactive and non-radioactive isotopes strongly
depend on both the effective neutron multiplicity coefficient
and the neutron yield of the plasma column. However, in all
calculations, major 239,240,241Pu, Th, 233U and minor actinides
241Am, 242,244Cm are important isotopes that in principle
determine the type of keff dependence. To study this
dependence experimentally, it is necessary to design and
construct a special facility with parameters that can be more
accurately determined in the future simulations.

(5) The results of the simulations demonstrated that modifying
the thorium sub-critical assembly of high-temperature gas-
cooled reactor by installing a plasma neutron source based
on high-temperature deuterium plasma inside the assembly
allows creating a special facility to conduct experimental
studies on the evolution of the fuel composition during a
long reactor core operation time.
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