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Abstract: For the sake of understanding the mechanism of deep subcriticality and high heterogeneity
of neutron fluence rate in time–space on the neutron kinetics of the Accelerator-driven Subcritical
Reactor Subcritical Reactor (ADSR) under varied beam transients and neutron spectra. A Monte
Carlo homogenization approach for the neutron time–space kinetics of the ADSR is proposed in this
study, and the influence mechanism on the kinetic parameters of the ADSR under varied neutron
spectra, subcriticality, and beam transients is examined. The results show that the Monte Carlo
homogenization for the α eigenvalue mode is more adaptable to the subcriticality characteristics
under varied subcriticality; under beam transients, the relative differences in the kinetic parameters
of the different modes of the ADSR with fast/thermal spectra increase with the depth of subcriticality,
and the differences in neutron generation time for varied modes are larger than those of effective
fraction of delayed neutron. Thus, it is recommended to use a more adaptable Monte Carlo homoge-
nization method for the time–space kinetics of ADSR, and the effects of the high heterogeneity of
neutron fluence rate and deep subcriticality in time–space on the neutron generation time should
be considered.

Keywords: Monte Carlo homogenization method; ADS Subcritical Reactor; neutron kinetics;
deep subcriticality; heterogeneity of neutron fluence rate in time–space

1. Introduction

The future trend of international electricity consumption is a continuous increase in
the total amount, and the development of clean energy is a strategic choice for sustainable
global energy development. Nuclear energy, as an important clean and low-carbon energy
source, has the advantages of continuous and stable power output as well as the ability to
release large amounts of electricity from a very small number of resources [1,2]. The safe
treatment and disposal of spent fuel, especially the long-lived highly radioactive nuclear
waste, will become one of the bottlenecks affecting the sustainable development of nuclear
energy [3]. An accelerator-driven subcritical system (ADS) is a powerful tool to solve the
spent-fuel problem and to achieve transmutation, and it can also be used as an efficient
nuclear fuel breeding device due to its high neutron redundancy [4,5]. Therefore, the
development of ADS technology is a feasible route to ensure energy security and achieve
the sustainable development of nuclear energy.

To completely understand the kinetic aspects of operation and guarantee the de-
pendability of management and security systems, ADSR neutron kinetics must be inves-
tigated [6,7]. When compared to the critical reactor system, the subcritical ADSR has
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dozens of unique neutronic properties, the most notable of which is that the neutron kinetic
behavior of the ADSR differs significantly from that of the critical state due to the addition
of an external neutron source and the core’s subcriticality [8]. ADSR neutron kinetics are
distinguished by deep subcriticality and the high heterogeneity of the neutron fluence rate
in time–space.

Solving neutron kinetics processes in the study of ADSR neutron kinetics issues is
mainly based on the computationally efficient deterministic method [8]. The deterministic
method calculation is usually divided into two steps based on the generation of homoge-
nized group constants and the calculation of core deterministic neutron diffusion/transport.
It is very significant for the study of neutron kinetics in an ADSR, namely, how to obtain
accurate homogenized group constants so that the results of the core homogenization
calculations are consistent with those of the non-homogenized ones [9,10].

Several studies are currently being conducted both nationally and internationally to
investigate the homogenized group constants for the neutron kinetics of an ADSR [8,11–14].
The majority of existing research only takes into account a single steady-state mode condi-
tion, not beam transients. The existing homogenized group constants do not accurately
reflect the ADSR properties during beam transients [15,16].

The homogenized group constants in different modes are proposed to address the
issue that the existing single homogenized group constants are not accurate for the neutron
fluence rate under beam transients [17]. Using the self-developed deterministic code
TRIONES, the authors built multi-mode core few-group constants that are more adaptive
to neutron kinetics, and they investigated the relevant kinetic features for an ADSR [18–20].

Due to the obvious advantages of the Monte Carlo (referred to as MC) method’s
continuous energy compared with deterministic methods, such as its powerful geometric
processing capability and no need for problem-specific resonance calculations [21], the
accurate simulation of an ADSR with high heterogeneity in time–space can be effectively
solved. However, if the MC method is used throughout, its computational efficiency is too
low for a large number of core schemes [22]. In order to maximize computing efficiency, the
homogenized group constants derived by the MC approach are provided to the following
deterministic neutron dynamics core software in this article.

The traditional MC homogenization methods only consider the fundamental neutron
fluence rate, which cannot accurately describe the deep subcriticality and high heterogeneity
of the neutron fluence rate in time–space of the ADSR under beam transients. Therefore, in
order to accurately describe the characteristics of an ADSR under beam transients, different
modes of MC homogenization methods can be considered for different beam transients,
and a set of MC homogenization methods for the neutron time–space kinetics for an ADSR
can be developed.

The neutron energy spectrum is crucial for the study of neutron kinetics in an ADSR,
and there are few comparative studies on the kinetic properties of an ADSR for different
classes of neutron energy spectra, such as the fast neutron spectrum (referred to as fast
spectrum) and thermal neutron spectrum (referred to as thermal spectrum).

Thus, for the sake of overcoming the shortcomings of the existing studies, the deep
subcriticality and high heterogeneity of the neutron fluence rate in time–space for an ADSR
are accurately described. In this paper, we firstly carry out the study of the λ eigenvalue
mode (referred to as λ mode) MC homogenization method and verify the ADSR benchmark;
secondly, we carry out the study of the α eigenvalue mode (referred to as α mode) MC
homogenization method based on the improved α-k iterative method and verify the ADSR
benchmark; finally, for ADSR with fast and thermal spectra, the mechanism of each mode
kinetic parameter of an ADSR during beam transients is examined.

The MC homogenization method for ADSR neutron kinetics will be developed to
reveal the mechanism of ADSR time–space neutron kinetics under different neutron spectra,
subcriticalities, and beam transient conditions. The advancement of this study is critical for
refining the theory of neutron kinetics in an ADSR.
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The remainder of the paper is structured as follows. The calculation tool and model
are described in Section 2. In Section 3, we present a method for ADSR time–space neutron
kinetics using MC homogenization. Section 4 presents a study of the ADSR time–space
neutron kinetics influence mechanism with different neutron spectra. Section 5 finally
discusses our conclusions.

2. Calculational Tool and Model
2.1. Calculation and Analysis Tools

The research on the MC homogenization method will be carried out based on the open-
source program OpenMC [23], where the study of the λ-mode MC homogenization method
is carried out (version 0.12.1). The study of the α-mode MC homogenization method is
carried out using the self-developed OpenMC-PA program. This program is based on
the open-source program OpenMC, and the OpenMC-PA program with α eigenvalue
calculation has been developed based on the improved α-k iterative method [24,25], and
all its related functions have been verified [26].

The self-developed TRIONES software, which can compute the fluctuation of neutron
fluence rate and kinetic parameters with time and space for the λ/α mode of the core, has
been used to study the mechanism of time–space neutron kinetics in an ADSR. The relevant
functions of the TRIONES program have been verified [18].

2.2. Calculation Model

In this paper, we will use the ADSR benchmark designed by OpenMC. The ADSR
geometry reference [27] is shown in Figure 1. The fuel and reflector layers have been
defined as a grid of 10 × 10 × 10 cm3 with 17, 17, and 16 layers in the X, Y, and Z directions,
respectively [28]. The fuel is considered to be MOX fuel mixed with UO2 and 239PuO2. The
reflector for the ADSR in the fast spectrum is chosen to be a natural Fe material, and the
reflector in the thermal spectrum is chosen to be a light water material containing boron.
The kinetic characteristics at different subcriticalities are studied by calculating the three
typical core loading schemes by OpenMC with keff = 0.99, 0.97, and 0.95 by adjusting the
239PuO2 content in MOX fuel. Tables 1 and 2 show the core material compositions of the
fast/thermal spectra for the three core loading schemes.

Table 1. ADSR material composition with fast spectrum for three core loading schemes.

keff Material Composition of Fuel (Nuclide Density 1024/cm3)
Material Composition of Reflector

(Nuclide Density 1024/cm3)

0.99 16O 6.667 × 10−1 235U 9.477 × 10−3 238U 3.064 × 10−1 239Pu 1.744 × 10−2
54Fe 2.708 × 10−3

56Fe 4.210 × 10−2

57Fe 9.638 × 10−4

58Fe 1.285 × 10−4
0.97 16O 6.667 × 10−1 235U 9.507 × 10−3 238U 3.074 × 10−1 239Pu 1.644 × 10−2

0.95 16O 6.667 × 10−1 235U 9.536 × 10−3 238U 3.083 × 10−1 239Pu 1.546 × 10−2

Table 2. ADSR material composition with thermal spectrum for three core loading schemes.

keff Material Composition of Fuel (Nuclide Density 1024/cm3)
Material Composition of Reflector

(Nuclide Density 1024/cm3)

0.99 16O 6.667 × 10−1 235U 9.492 × 10−3 238U 3.069 × 10−1 239Pu 1.694 × 10−2
1H 4.946 × 10−2

16O 2.467 × 10−2

10B 8.200 × 10−6

11B 3.222 × 10−5

0.97 16O 6.667 × 10−1 235U 9.522 × 10−3 238U 3.079 × 10−1 239Pu 1.594 × 10−2

0.95 16O 6.667 × 10−1 235U 9.554 × 10−3 238U 3.089 × 10−1 239Pu 1.488 × 10−2
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Figure 1. ADSR schematic diagram.

3. Monte Carlo Homogenization Method for ADSR Time–Space Neutron Kinetics
3.1. Method Overview

For the MC homogenization method, the method of volume flux weights is used
to obtain the homogenized group constants of the calculated objects. In this paper, the
collision probability method is used to calculate the group transfer probability and the
higher-order scattering matrix when performing the transport correction for the anisotropic
scattering effect, thus reducing the error introduced by the two-stage method in calculating
the transport correction. Nevertheless, because of the large statistical uncertainty and poor
computational efficiency [22] of the higher-order scattering-moment matrix, the third-order
scattering-moment matrix is used for the anisotropic scattering cross-section.

In order to accurately describe the characteristics in an ADSR under beam transients,
different modes of the MC homogenization method will be considered for different beam
transient operating conditions. The λ-mode MC homogenization method, which consid-
ers the most commonly used λ eigenvalue in the traditional neutron kinetics analysis.
The α-mode MC homogenization method is studied with the α eigenvalue used for its
consideration. By linking the library of λ-mode and α-mode MC-homogenized group



Energies 2023, 16, 3545 5 of 15

constants generated by the above two modes, and adapting them to the beam transient
conditions, a set of MC homogenization method for ADSR time–space neutron kinetics can
be constructed.

Based on the deterministic two-stage method, ADSR-homogenized group constants for
the λ/α mode generated by the MC homogenization method are applied to the TRIONES
program for the λ/α mode, respectively. The study on the mechanism of ADSR time–
space neutron kinetics with different neutron spectra under beam transients is carried out.
Figure 2 depicts the flow chart of the entire computation technique.

Figure 2. Flow chart of the entire calculation method.

3.2. Energy Group Division

The energy spectra of the fast/thermal spectra in ADSR at typical subcriticality
keff = 0.97 are given in Figures 3 and 4, respectively. The flux given in Figures 3 and 4 are
the normalized neutron flux density.
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Figure 3. Energy spectra diagram of ADSR of fast spectrum (keff = 0.97).

Figure 4. Energy spectra diagram of ADSR of thermal spectrum (keff = 0.97).

For the energy group division of the fast spectrum in ADSR, referring to the typical
energy group structure of fast reactor ERAONS 33 group structure [29] and the suggestions
of the literature [8], as well as combining its energy spectrum characteristics (Figure 3)
and calculation efficiency, after a large number of verification schemes, the calculation
of the homogenized group constants of the fast spectrum finally considers the 12-group
energy group structure. For the thermal spectrum of the ADSR, after considering the
energy spectrum characteristics (Figure 4) and the calculation accuracy and efficiency,
the eight-group energy group structure is finally considered for the calculation of the
thermal spectrum. The energy group division of the fast/thermal neutron spectra is shown
in Table 3.
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Table 3. Energy group division of the fast/thermal spectra.

Energy Group Number
Energy Group Upper Boundary (MeV)

12-Group (Fast Spectrum) 8-Group (Thermal Spectrum)

1 1.9640 × 101 1.9640 × 101

2 6.6053 8.2100 × 10−1

3 2.2313 2.4788 × 10−2

4 8.2085 × 10−1 2.0347 × 10−3

5 4.9787 × 10−1 4.5400 × 10−4

6 1.8316 × 10−1 2.2603 × 10−5

7 6.7380 × 10−2 4.0000 × 10−6

8 2.4788 × 10−2 5.4000 × 10−7

9 9.1182 × 10−3

10 2.0347 × 10−3

11 4.5400 × 10−4

12 4.0000 × 10−6

3.3. The Monte Carlo Homogenization Method for the λ Eigenvalue Mode

The heterogeneous transport criticality calculation for the ADSR is performed using the
OpenMC to obtain the accurate values of the three keff, based on the continuous-energy MC
calculation. Additionally, it is used as the reference value to verify the homogenized group
constants. The homogenized group constants for each ADSR material are calculated using
the energy group division given in Table 3 and the λ-mode MC homogenization method
described in Section 3.1. Then, it is applied to the core diffusion program TRIONES-λ for the
λ mode to obtain the core keff and verify the accuracy of the corresponding group constants.

The results of the verification of the homogenized group constants for the fast/thermal
spectra of the ADSR in the λ mode are shown in Table 4. From the results in Table 4, it
can be seen that the computational accuracy of the homogenized group constants for the
λ mode generated by the ADSR fast/thermal neutron spectra all meet the requirements.

Table 4. The results of the verification of the homogenized group constants for the fast/thermal
spectra of the ADSR in the λ mode.

Type of Energy Spectrum keff
keff of Continuous-Energy MC

for the λ Mode (Reference Value) keff of TRIONES-λ Relative Error

Fast spectrum
0.99 0.99086 0.99273 188 pcm
0.97 0.97044 0.96904 −144 pcm
0.95 0.95003 0.95199 207 pcm

Thermal spectrum
0.99 0.99053 0.98885 −169 pcm
0.97 0.97078 0.96955 −127 pcm
0.95 0.94971 0.94912 −62 pcm

3.4. The Monte Carlo Homogenization Method for the α Eigenvalue Mode

The heterogeneous transport criticality calculation for the ADSR is performed using the
OpenMC-PA to obtain the accurate values of the three keff, based on the continuous-energy
MC calculation. Additionally, it is used as the reference value to verify the homogenized
group constants. The homogenized group constants for each ADSR material are calculated
using the α-mode MC homogenization method described in Section 3.1. Then, it is applied
to the core diffusion program TRIONES-α for the α mode to obtain the core keff and verify
the accuracy of the corresponding group constants. The energy group division of the
fast/thermal spectra of the α mode is also adopted in Table 3.

The results of the verification of the homogenized group constants for the fast/thermal
spectra of the ADSR in the α mode are shown in Table 5. From the results in Table 5, it
can be seen that the computational accuracy of the homogenized group constants for the α

mode generated by the ADSR fast/thermal spectra all meet the requirements.
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Table 5. The results of the verification of the homogenized group constants for the fast/thermal
spectra of the ADSR in the α mode.

Type of Energy Spectrum keff
keff of Continuous-Energy MC

for the α Mode (Reference Value) keff of TRIONES-α Relative Error

Fast spectrum
0.99 0.99073 0.99179 107 pcm
0.97 0.97051 0.97166 −119 pcm
0.95 0.94995 0.94832 −172 pcm

Thermal spectrum
0.99 0.99013 0.98867 −148 pcm
0.97 0.97085 0.97134 50.7 pcm
0.95 0.94921 0.95000 83.2 pcm

When the results in Tables 4 and 5 are compared, it is clear that the calculation
accuracy of the α-mode MC homogenization method is generally higher than that of the
mode MC homogenization method at various subcriticalities. That is, the α-mode MC
homogenization method is more adaptable to the subcriticality property. The physical
mechanism is that the α eigenvalue is the “natural eigenvalue” for describing the neutron
breeding characteristics of the off-critical reactor, which is advantageous for describing the
time evolution of the neutron kinetics of the ADSR.

4. Study of the Influence Mechanism of the ADSR Time–Space Neutron Kinetics with
Different Neutron Spectra

The influence of subcriticality and external source on the kinetic parameters of an
ADSR with varied neutron spectrums during beam transients will be investigated. In
this section, the kinetic parameters are investigated in the λ and α modes for an ADSR
with different neutron spectra under beam transients. The beam trip and the starting
process are the two types of beam transient conditions considered. The study of kinetic
parameters mainly considers neutron generation time Λ and the effective fraction of the
delayed neutron βeff. For both beam transient situations, the time step is 1.0 × 10−5 s and
the simulation time is 3 × 10−3 s.

4.1. Study of the Mechanism of ADSR Kinetic Parameters on the Fast Spectrum

This section describes the influence mechanism of the ADSR kinetic parameters
for the fast spectrum, starting with the study of Λ. The relative differences in Λ with
time for the λ and α modes are shown in Figures 5 and 6 for the beam trip and starting
process, respectively.

We can see from Figure 5 that under the beam trip scenario the relative difference Λ
between both the modes fluctuates at the outset and becomes smooth as the time increases.
Figure 6 shows that the relative Λ differences between two modes fluctuates greatly at
the beginning of starting process and smooths out with the increase in time. In both
cases, the relative difference Λ between both the modes increases with the deepening of
the subcriticality.

The relative differences inβeff with time for the λ andαmodes are shown in Figures 7 and 8
for the beam trip and starting process, respectively.

From Figure 7, the relative differences in βeff between the two modes tend to be smooth
under beam trip and increase with the deepening of the subcriticality. Figure 8 shows that
the relative differences in βeff between both the modes tend to be smooth under the starting
process, increasing with the deepening of the subcriticality.
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Figure 5. Relative differences in Λ with time for different modes of the fast spectrum, under different
subcriticalities and beam trips.

Figure 6. Relative differences in Λ with time for different modes of the fast spectrum, under different
subcriticalities and starting processes.
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Figure 7. Relative differences in βeff with time for different modes of the fast spectrum, under
different subcriticalities and beam trips.

Figure 8. Relative differences in βeff with time for different modes of the fast spectrum, under
different subcriticalities and starting processes.

4.2. Study of the Mechanism of ADSR Kinetic Parameters on the Thermal Spectrum

In this section, we study the influence mechanism of the ADSR kinetic parameters
for the thermal spectrum, starting with the study of Λ. The relative differences in Λ with
time for the λ and α modes are shown in Figures 9 and 10 for the beam trip and starting
process, respectively.
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Figure 9. Relative differences in Λ with time for different modes of the thermal spectrum, under
different subcriticalities and beam trips.

Figure 10. Relative differences in Λ with time for different modes of the thermal spectrum, under
different subcriticalities and starting processes.

It can be seen from Figure 9 that the relative difference in Λ between both the modes
decreases sharply at the start and becomes smooth as the time increases under the beam trip
scenario. Figure 10 shows that the relative Λ differences between the two modes fluctuate
largely at the beginning of starting process and increase gradually with the increase in time.
In both cases the relative difference Λ between both modes increases with the deepening of
the subcriticality.

The relative differences inβeff with time for the λ andαmodes are shown in Figures 11 and 12
for the beam trip and starting process, respectively.
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Figure 11. Relative differences in βeff with time for different modes of the thermal spectrum, under
different subcriticalities and beam trips.

Figure 12. Relative differences in βeff with time for different modes of the thermal spectrum, under
different subcriticalities and starting processes.

From Figure 11, the relative differences in βeff between the two modes tend to be
smooth under beam trip and increase with the deepening of the subcriticality. Figure 12
shows that the relative differences in βeff between the two modes tend to be smooth under
the starting process and increase with the deepening of the subcriticality.

4.3. Analysis of Physical Mechanism

Comparing the results in Sections 4.1 and 4.2, it can be seen that for the kinetic
parameters (Λ and βeff) of an ADSR with a fast spectrum and thermal spectrum, the trends
of the relative differences in the kinetic parameters of the λ and α modes are basically
the same under the beam trip and starting process. The relative differences in the kinetic
parameters of the two modes both increase with the increase in the subcriticality. For
different beam transients, the size of the relative variances in the kinetic parameters of the
ADSR between the fast and thermal spectra varies. This is mostly because the thermal
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spectrum in the thermal neutron zone is substantially higher than the fast spectrum, and
the overall difference between the spectra is large.

For the study of Λ, at the start of the beam transients, the rapid decrease or increase
in the external source leads to a sharp fluctuation in the neutron fluence rate distribution
in time and space for the whole ADSR, which makes a large fluctuation in Λ. As the
ADS progressively stabilizes, so does the neutron fluence rate distribution of the ADSR,
causing it to stabilize Λ. The influence of the external source becomes more obvious as
the subcritical state develops, resulting in a high heterogeneity of neutron fluence rate in
time–space, which increases the relative difference between both modes. The influence
of external sources becomes increasingly apparent in the analysis of βeff as subcriticality
grows, and the difference in neutron fluence rate distribution increases for different modes,
leading to an increase in the relative difference of βeff for different modes.

For the beam transients without beam current, such as the beam trip, the process
from the presence to the absence of the spallation neutron source leads to the dramatic
change in the neutron breeding characteristics of the ADS and the complex time–space
evolution behavior of the neutron fluence rate. This process is proposed to be described by
the homogenized group constants of the α eigenvalue mode [17].

For the beam transients with beam current, such as the starting process, the beam
transient changes the intensity of the spallation neutron source, and the neutron breeding
characteristics of the ADS remain unchanged. The neutron fluence rate is not significantly
different from that of the steady-state spallation neutron source drive. This process is
recommended to be described by the homogenized group constants of the steady-state
external source drive mode [17]. Because the physical mechanism of the λ eigenvalue
mode is comparable to that of the steady-state external source-driven mode, by modifying
the generation source term, they both cause the reactor to reach virtual criticality, and
the difference in generating the homogenized group constants is negligible [20]. Thus,
the λ-mode homogenized group constants are also suitable for the beam transients with
beam current.

The MC homogenization method for ADSR time–space neutron kinetics can be con-
structed by linking the MC-homogenized group constants for λ mode and α mode and
adapting them to the beam current and without beam current conditions, respectively. This
approach is based on the authors’ prior multi-mode core few-group constants method,
and it directly employs the MC method to generate distinct modes of homogenized group
constants [18–20]. It will be more adaptable to the physical features of the ADSR during
beam transients than earlier techniques and will provide a more accurate description of the
subcriticality and high heterogeneity of neutron fluence rate in time–space.

5. Conclusions

In this study, we investigated the influence mechanism of neutron time–space kinetics
in an ADSR under different neutron spectra, subcriticalities, and beam transients. The MC
homogenization method for ADSR time–space neutron kinetics is developed. The effects of
the deep subcriticality and the high heterogeneity of neutron fluence rate in time–space of
the ADSR on its kinetics parameters are clarified. The following conclusions can be derived
from the findings presented in this study.

(1) The computational accuracy of the MC homogenization method with α eigenvalue
mode is higher than that of the MC homogenization method with λ eigenvalue mode under
various subcriticalities. Thus, the MC homogenization method with α eigenvalue mode is
more adaptable to the subcriticality characteristics.

(2) Under the beam transient condition, the relative differences in the kinetic parame-
ters (Λ and βeff) of the ADSR for different modes of the fast/thermal neutron spectra are
incremented with the deepening of the subcriticality, and the differences in Λ are larger than
those of βeff for varied modes. The impact of deep subcriticality and the great heterogeneity
of neutron fluence rate in time–space on the mechanism of neutron time–space kinetics of
ADSR during beam transients should be considered.
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(3) For the study of neutron time–space kinetics in ADSR, it is recommended to adopt
a more adaptable MC homogenization method for ADSR time–space neutron kinetics.
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