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In this study, the dynamic characteristics of accelerator-driven subcritical reactor (ADSR)
under beam transients with high heterogeneity of neutron flux in time-space are
investigated. Multi-mode core few-group constants are generated by three kinds of
neutron fluxes: steady state of ADSR, λ-eigenvalue fundamental wave, and
α-eigenvalue fundamental wave. The proposed few-group constants overcome the
limitation of single few-group constant generated by two-step method that cannot
consider the variation in neutron flux density and neutron energy spectrum with time
and space. Compared to the existing few-group constants generated by two-stepmethod
under different operating conditions, the self-adapting multi-mode core few-group
constants exhibit higher accuracy in the case of following two modes: steady-state
mode of ADSR in the starting process and λ-eigenvalue mode in the beam trip
condition. Overall, this research provides useful insights on neutron kinetics and can
boost the development of ADSRs.

Keywords: accelerator-driven subcritical system, multi-mode core few-group constants, improved quasi-static
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INTRODUCTION

With the increasing utilization of nuclear power, the disposal of accumulated nuclear waste has
become a critical issue globally. The minor actinides (MA) and long-lived fission products
(LLFP) in the spent fuel discharged from nuclear power plants are highly radioactive with long
half-lives. Accelerator-driven subcritical reactors (ADSRs) have a high neutron redundancy and
subcritical safety, they could be powerful tools for transmuting MA and LLFP (Li et al., 2011;
Zhan and Xu, 2012; Zhou et al., 2013). ADSR is driven by a high-power proton accelerator
(HPPA) to generate continuous wave proton beams of Giga-electron volts (GeV) energy that
bombard heavy metal targets and generate spallation neutrons. Beam transients cause rapid
changes in the intensity of spallation neutron sources, leading to a drastic variation in the power
of ADSR (Yu, 2005). The resulting shock is a key factor that affects the safety and reliability of
ADSR (Hayancri et al., 2009).
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Traditional neutron kinetics analysis mainly focuses on the
breeding system of non-external neutron source that is not far
from the critical point, and the dynamic characteristics are only
related to the inherent properties of the system. Further, since it is
not far from the critical point, the neutron flux of the breeding
system is not much different from that of the critical system. It is
approximately based on the λ-eigenvalue fundamental wave of
neutron flux.

ADSR is a high-energy and strong external source-driven deep
subcritical system. The dynamic characteristics are not only
affected by the inherent system properties but also by high-
energy spallation neutrons. During beam transients, the
characteristics of external source change rapidly, and the
fundamental and harmonic neutron fluxes are perturbated.
Due to their different temporal characteristics, the neutron
flux and the neutron energy spectrum at different positions
are not consistent with each other over time, resulting in
strong time-space heterogeneity of the neutron flux (Shen and
Wang, 2011; Wang and Shen, 2011).

Due to the strong time-space heterogeneity of the neutron flux,
it is difficult to apply traditional neutron kinetics models and
analysis methods for investigating the dynamic characteristics of
ADSR with beam transients.

The dynamic characteristics of some ADSRs including
YALINA (Persson et al., 2008), MUSE (Soule et al., 2004),
KUCA (Masao et al., 2017; Pyeon et al., 2017), VENUS 1#

(Cao et al., 2005; Xie, 2011), and VENUS II (Jiang et al., 2018;
Liang et al., 2018; Liu et al., 2018) have been studied earlier.
However, these experimental studies were primarily based on the
measurement of sub-criticality, reactivity, and effective fraction of
delayed neutron.

The existing studies on the dynamic characteristics of ADSRs
under beam transients are mainly based on numerical simulation.
In the existing neutron kinetics models and analysis methods for
ADSR under beam transients, the core few-group cross sections
are generated by the traditional two-step method. The strong
time-space heterogeneity of neutron flux during beam transients leads
to a complex evolution of the core few-group cross sections over time
and space. Therefore, these cross sections based on the two-step
method cannot be used to describe the strong time-space
heterogeneity of the neutron flux in ADSRs under beam transients
(Akio and seiji, 2003; Shen andWang, 2011; Yu et al., 2014). Therefore,
further investigations are needed for core few-group cross sections.

To overcome the limitations of the existing models, in this
study, the multi-mode core few-group constants with beam
transients and time-space heterogeneity were generated by
three kinds of neutron fluxes: steady state of ADSR,
fundamental wave with eigenvalue λ, and fundamental wave
with eigenvalue α. This resolves the issue in the existing few-
group constants based on two-step method that cannot describe
the variation in neutron flux and neutron energy spectrum over
time and space. Based on the proposed quasi-static model with
multi-mode core few-group constants, we establish a neutron
kinetics model for strong time-space heterogeneity in ADSR
under beam transients. Finally, the dynamic characteristics of
ADSR are revealed under various sub-criticalities and beam
transients. Overall, this study potentially improves the

understanding of neutron kinetics and promotes the
development of ADSRs.

The rest of the paper is organized as follows. Analysis of
Neutron Dynamics describes the analysis of neutron dynamics. In
Calculation Model and Generation of Self-Adapting Multi-Mode
Core few-Group Constants of ADSR, we introduce the calculation
model and the generation of multi-mode core few-group
constants of ADSR. Dynamic Characteristics of ADSR Under
Beam Transients presents the dynamic characteristics of ADSR
under beam transients. Finally, the study is concluded in
Conclusion.

ANALYSIS OF NEUTRON DYNAMICS

Presently, the time-space dynamic model under the improved
quasi-static (IQS) framework is generally used to examine
neutron kinetics (Rineiski et al., 2002; Song et al., 2017; Hou
et al., 2018). This model employs factorization to decompose the
neutron flux density that changes with time and space into the
product of the amplitude and shape functions. Further, it
describes the change in the amplitude function by an
accurate point reactor kinetic equation. The employment of
different shape functions can affect the results of neutron
dynamics.

Therefore, the investigation of the selection and effect of shape
function is crucial to understand the dynamic characteristics of
neutrons in ADSR and can improve the calculation accuracy of
neutron kinetics methods.

Improved Quasi-Static Method
The time-space dynamics equation of ADSR with consideration
of delayed and external neutrons can be expressed as follows:

1
v
zϕ(r, E, t)

zt
� −Lϕ(r, E, t) + (1 − β)χpFϕ(r, E, t)

+∑n
i�1

χd,iλiCi(r, t)

+S(r, E, t) zCi(r, t)
zt

� βiFϕ(r, E, t) − λiCi(r, t) (1)

where ϕ(r, E, t) is the neutron flux density, and −Lϕ(r, E, t)
represents the contribution of neutron leakage, removal, and
scattering to the variation rate of neutron flux density at energy E,
position r, and time t. Using neutron diffusion equation, the
operator L can be expressed as

Lϕ(r, E, t) � −∇ · D(r, E)∇ϕ(r, E, t) +∑
t
(r, E)ϕ(r, E, t)

− ∫∞

0
∑

s
(r, E′ → E)ϕ(r, E′, t)dE′ (2)

where D(r, E) is the diffusion coefficient, ∑t(r, E) is the total
macro cross section, ∑s(r, E→E) is the macro scattering cross
section, and (1 − β)χpFϕ(r, E, t) represents the contribution of
prompt neutron generated by fission. Here, β is the total fraction
of delayed neutrons, and χp is the prompt neutron spectrum.
In the neutron diffusion equation, the operator F can be
expressed as
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Fϕ(r, E, t) � ∫∞

0
](r, E′)∑

f
(r, E′)ϕ(r, E′, t)dE′ (3)

Assuming that the neutron flux density ϕ(r, E, t) can be
factorized into a product of shape function φ(r, E, t) and
amplitude function n(t), we have

ϕ(r, E, t) � φ(r, E, t) · n(t) (4)

Substituting Eq.4 into Eq.1, the equation of amplitude
function n(t) can be obtained as follows:

dn(t)
dt

� ρ − βeff(t)
Λ(t) n(t) +∑n

i�1
λici(t) + q(t)

dci(t)
dt

� βeff ,i(t)
Λ(t) n(t) − λici(t)

(5)

where

f (t) � 〈w, χFφ〉r,E (6)

Λ(t) � 1
f
〈w, v−1φ〉r,E �

1
f

(7)

βeff ,i(t) �
1
f
〈w, βiχd,iFφ〉r,E (8)

βeff(t) �
1
f
∑n
i�1

〈w, βiχd,iFφ〉r,E � ∑n
i�1

1
f
〈w, βiχd,iFφ〉r,E � ∑n

i�1
βeff ,i(t)

(9)

ci(t) � 〈w, χd,iCi〉r,E (10)

q(t) � 〈w, S〉r,E (11)

ρ � 1
f
〈w, (χF − L)φ〉r,E (12)

χ � (1 − β)χp +∑n
i�1

βiχd,i (13)

Equation 5 describing the amplitude function is also called the
accurate point reactor dynamic equation, which is directly
derived from the neutron space-time dynamic equation. The
amplitude function can be obtained by solving this equation
using the Gear method (Huang, 2007). In the IQS method, the
shape function at a time t can be obtained by the first-order
difference Eq.14, i.e.,

[L − (1 − β)χpF + 1
v

1
n(t)

dn(t)
dt

+ 1
v

1
Δt]φ(r, E, t)

� 1
v

1
Δt φ(r, E, t′) +

Sd(r, E, t′)
n(t) + S

n(t) (14)

where t′ � t − Δt, Δt is time step, Sd � ∑n
i�1

χd,iλiCi(r, t) is delayed
neutron source, Ci(r, t) � Ci(r, t0) · e−λi(t−t0) + ∫t

t0
e−λi(t−t′)·

βiFϕ(r, E, t′)dt′ is the concentration of delayed neutron
precursors.

Selection of Initial Shape Function
To simulate the neutron kinetics during the starting process of
ADSR, the neutron flux density at the initial time is 0, which
causes the shape function at the initial time to have a certain

“arbitrariness” while calculating the IQS. Thus, in this study, in
addition to the influence of the weight function, three initial
shape functions are considered for the simulation of starting
process of ADSR: neutron flux density φλ of λ fundamental wave,
neutron flux density φα of prompt α fundamental wave, and
steady-state neutron flux density φs, which are the solutions of
Eqs 15–17, respectively.

The neutron flux density of λ fundamental wave is the most
commonly employed shape function in traditional analysis of
neutron kinetics. The prompt α eigenvalue is a natural eigenvalue,
which describes the neutron multiplication characteristics of a
reactor that deviates from critical condition. In principle, prompt α
eigenvalue has the advantage of describing the time evolution of
neutron kinetics of ADSRs. The steady-state neutron flux density of
ADSR incorporates the effect of external neutron sources on the
steady-state distribution of neutron flux. The initial shape function is
obtained from the neutron flux density at the beam loss condition.

−Lφλ(r, E) +
1
keff

χFφλ(r, E) � 0 (15)

−[α
v
+ L]φα(r, E) + [(1 − β)χp]Fφα(r, E) � 0 (16)

−Lφs(r, E) + χFφs(r, E) + S(r, E) � 0 (17)

When IQS simulation is performed on ADSR, neutron flux
density of λ fundamental wave, neutron flux density of prompt α
fundamental wave, and steady-state neutron flux density of
ADSR are selected as the shape functions, which are called λ
mode, prompt α mode, and fixed source mode, respectively.

CALCULATION MODEL AND GENERATION
OF SELF-ADAPTING MULTI-MODE CORE
FEW-GROUP CONSTANTS OF ADSR

Calculation Model
The core of the ADSR considered in this study has a three-
dimensional cylindrical structure (Cao, 2008; Xie, 2016), as
shown in Figure 1. Both fuel and reflector are square
assemblies with the size of 10 × 10 cm2. An isotropic external
neutron source is placed at the center of the core with a height of
20 cm. Detectors are arranged at D1, D2, D3, and D4 to measure
the core power distribution.

For the diffusion calculation of ADSR, four-group
homogenized constants are used, and the initial cross
sections are obtained from reference (Cao, 2008). For
investigating the dynamic characteristics of neutrons at
different sub-criticalities, the core fission neutron cross
section υΣf is adjusted, and then three kinds of sub-
criticalities (keff � 0.99, 0.96, and 0.93) are considered using
the diffusion code DONJON (Alain et al., 2018). The adjusted
four-group homogenized cross sections of the ADSR are
shown in Table 1 (Xie, 2016; Hou et al., 2018).

The intensity of the steady-state external neutron source set in
the reactor is 1 × 107/(cm3·s), and the initial energy falls in the
first energy group.

Frontiers in Energy Research | www.frontiersin.org January 2021 | Volume 8 | Article 6030843

Deng et al. Dynamic Characteristics of Few-Group Constants

https://www.frontiersin.org/journals/energy-research
www.frontiersin.org
https://www.frontiersin.org/journals/energy-research#articles#articles


Generation of Core few-Group Constants
ADSR under beam transients has a strong time-space heterogeneity
of the neutron flux. When the beam is stable, the core few-group
constants are only related to space. In the absence of beam state,
these constants change with time and space. The two different states
of core few-group constants can be combined to form the multi-
mode core few-group constants that accurately characterize the
strong time-space heterogeneity of the neutron flux. It can
improve the existing quasi-static model with few-group constants
based on two-step method.

As a preliminary study, we considered the four-group
homogenized cross sections of the ADSR (Table 1) as the
initial cross sections to perform multi-mode energy group
condensation. According to the conservation of the reaction
rate, the first and second groups of the four-group cross
sections in Table 1 are collapsed as group I, and the third and
fourth groups are collapsed as group II.

The energy group condensation formula for the total cross
section of group I is as follows:

∑
tI
�
∑2
g�1

∑
V
Σtg(i, j, k)ϕg(i, j, k)V(i, j, k)
∑2
g�1

∑
V
ϕg(i, j, k)V(i, j, k)

(18)

The energy group condensation formula for the diffusion
coefficient of group I is as follows:

DI �
∑2
g�1

∑
V
Dg(i, j, k)ϕg(i, j, k)V(i, j, k)
∑2
g�1

∑
V
ϕg(i, j, k)V(i, j, k)

(19)

The energy group condensation formula for the fission cross
section of group I is as follows:

FIGURE 1 | Schematic of ADSR.

TABLE 1 | Homogeneous parameters of core and reflector in ADSR.

Type of subassembly Homogeneous parameter Group

1 2 3 4

Subassembly of core D/cm 2.22E + 00 1.15E + 00 6.93E − 01 2.64E − 01
∑t/cm

−1 7.12E − 02 7.46E − 02 8.68E − 02 1.11E − 01
5.57E − 03a 1.37E − 03a 1.66E − 02a 1.29E − 01a

]∑ f /cm
−1 5.40E − 03b 1.33E − 03b 1.61E − 02b 1.25E − 01b

5.23E − 03c 1.29E − 03c 1.56E − 02c 1.21E − 01c

Σg→ g+1/cm−1 6.83E − 02 7.26E − 02 6.37E − 02 0.00E + 00
χd , χp 7.56E − 01 2.44E − 01 5.80E − 04 0.00E + 00

v/cm·s−1 1.96E + 09 4.64E + 08 6.23E + 06 4.26E + 05
Subassembly of reflector D/cm 1.10E + 00 5.11E − 01 2.75E − 01 1.52E − 01

Σt/cm
−1 1.18E − 01 1.17E − 01 1.27E − 01 1.44E − 01

Σg→ g+1/cm−1 1.17E − 01 1.16E − 01 1.12E − 01 0.00E + 00
v/cm·s−1 1.96E + 09 4.64E + 08 6.23E + 06 4.26E + 05

Note:
akeff � 0.99.
bkeff � 0.96.
ckeff � 0.93.
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TABLE 2 | Homogeneous and condensate parameters of core/reflector in ADSR (keff � 0.99).

Mode λ mode Prompt α mode Fixed source mode

Group I II I II I II

Core/
Reflector

Core/
Reflector

Core/
Reflector

Core/
Reflector

Core/
Reflector

Core/
Reflector

D/cm 1.63E + 00/ 5.37E − 01/ 1.63E + 00/ 5.35E − 01/ 1.64E + 00/ 5.37E − 01/
7.41E − 01 2.20E − 01 7.41E − 01 2.19E − 01 7.41E − 01 2.20E − 01

Σt/cm−1 7.31E − 02/ 9.55E − 02/ 7.31E − 02/ 9.57E − 02/ 7.31E − 02/ 9.55E − 02/
1.17E − 01 1.35E − 01 1.17E − 01 1.35E − 01 1.17E − 01 1.35E − 01

υΣf /cm−1(Core) 3.07E − 03 5.41E − 02 3.07E − 03 5.46E − 02 3.07E − 03 5.41E − 02
Σg→ g’/cm−1 Group I 3.09E − 02/ 3.98E − 02/ 3.09E − 02/ 3.98E − 02/ 3.09E − 02/ 3.98E − 02/

4.54E − 02 7.06E − 02 4.54E − 02 7.06E − 02 4.54E − 02 7.06E − 02
Σg→ g’/cm−1 Group II — 4.05E − 02/ — 4.02E − 02/ — 4.05E − 02/

6.20E − 02 6.16E − 02 6.20E − 02
v/cm·s−1 7.07E + 08 1.03E + 06 7.07E + 08 1.02E + 06 7.07E + 08 1.03E + 06

TABLE 3 | Homogeneous and condensate parameters of core/reflector in ADSR (keff � 0.96).

Mode λ mode Prompt α mode Fixed source mode

Group I II I II I II

Core/
Reflector

Core/
Reflector

Core/
Reflector

Core/
Reflector

Core/
Reflector

Core/
Reflector

D/cm 1.63E + 00/ 5.37E − 01/ 1.63E + 00 5.31E − 01 1.64E + 00 5.37E − 01
7.41E − 01 2.20E − 01 /7.41E − 01 /2.18E − 01 /7.40E − 01 /2.20E − 01

Σt/cm−1 7.31E − 02/ 9.55E − 02 7.31E − 02 9.59E − 02 7.31E − 02 9.56E − 02
1.17E − 01 /1.35E − 01 /1.17E − 01 /1.35E − 01 /1.17E − 01 /1.35E − 01

υΣf /cm−1(Core) 3.07E − 03 5.41E − 02 3.07E − 03 5.55E − 02 3.08E − 03 5.41E − 02
Σg→ g’/cm−1 Group I 3.09E − 02/ 3.98E − 02 3.09E − 02 3.98E − 02 3.10E − 02 3.97E − 02

4.54E − 02 /7.06E − 02 /4.54E − 02 /7.06E − 02 /4.53E − 02 /7.07E − 02
Σg→ g’/cm−1 Group II — 4.05E − 02 — 3.97E − 02 — 4.05E − 02

/6.20E − 02 /6.07E − 02 /6.20E − 02
v/cm·s−1 7.07E + 08 1.03E + 06 7.07E + 08 1.00E + 06 7.08E + 08 1.04E + 06

TABLE 4 | Homogeneous and condensate parameters of core/reflector in ADSR (keff � 0.93).

Mode λ mode Prompt α mode Fixed source mode

Group I II I II I II

Core/
Reflector

Core/
Reflector

Core/
Reflector

Core/
Reflector

Core/
Reflector

Core/
Reflector

D/cm 1.63E + 00 5.37E − 01 1.63E + 00 5.27E − 01 1.64E + 00 5.37E − 01
/7.41E − 01 /2.20E − 01 /7.41E − 01 /2.17E − 01 /7.40E − 01 /2.20E − 01

Σt/cm−1 7.31E − 02 9.55E − 02 7.31E − 02 9.68E − 02 7.31E − 02 9.56E − 02
/1.17E − 01 /1.35E − 01 /1.17E − 01 /1.35E − 01 /1.17E − 01 /1.35E − 01

υΣf /cm−1 (Core) 3.07E − 03 5.41E − 02 3.07E − 03 5.64E − 02 3.08E − 03 5.41E − 02
Σg→ g′ /cm

−1 Group I 3.09E − 02 3.98E − 02 3.09E − 02 3.98E − 02 3.11E − 02 3.96E − 02
/4.54E − 02 /7.06E − 02 /4.54E − 02 /7.06E − 02 /4.53E − 02 /7.07E − 02

Σg→ g′ /cm
−1 Group II — 4.05E − 02 — 3.91E − 02 — 4.05E − 02

/6.20E − 02 /5.99E − 02 /6.20E − 02
v/cm·s−1 7.07E + 08 1.03E + 06 7.07E + 08 9.85E + 05 7.10E + 08 1.04E + 06
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]∑
fI
�
∑2
g�1

∑
V
]∑fg(i, j, k)ϕg(i, j, k)V(i, j, k)
∑2
g�1

∑
V
ϕg(i, j, k)V(i, j, k)

(20)

The energy group condensation method of group II is the
same as that of group I. The condensation formulas for transfer
cross sections of group I and group II are as follows:

∑
Ι→ Ι

� ∑V∑1→ 2ϕ1(i, j, k)∑V∑2
g�1ϕg(i, j, k) (21)

∑
ΙI→ ΙI

� ∑V∑3→ 4ϕ3(i, j, k)∑V∑4
g�3ϕg(i, j, k) (22)

∑
I→ II

� ∑V∑2→ 3ϕ2(i, j, k)∑V∑2
g�1ϕg(i, j, k) (23)

The condensation formulas for speed are as follows:

1
vI

�
∑V∑2

g�1
1
vg
ϕg(i, j, k)

∑V∑2
g�1ϕg(i, j, k) (24)

1
vII

�
∑V∑4

g�3
1
vg
ϕg(i, j, k)

∑V∑4
g�3ϕg(i, j, k) (25)

The four-group cross sections of the reference ADSR core and
reflector assemblies (Table 1) are collapsed to form two-group
constants, where the three modes (λ mode, prompt α mode, and
fixed source mode) are considered. The results of condensation for
the ADSR core and reflector assemblies corresponding to keff � 0.99,
keff � 0.96, and keff � 0.93 are shown in Tables 2–4, respectively. It is
clear the results of condensation for core and reflector of the three
modes are different, and the discrepancies become larger with the
increase in the sub-criticality, which is because diverse neutron

energy spectrum is calculated by different modes and the
influence of the external neutron source becomes stronger.

The three kinds core few-group constants (λ mode, prompt α
mode, and fixed source mode) generated in this study can be
adapted to the beam transient conditions to establish the self-
adapting multi-mode core few-group constants (Figure 2).
Figure 2 shows that different core few-group constants can be
selected by judging the size of the spallation neutron source
(according to various beam transient conditions).

The three modes: λ mode, prompt α mode, and fixed source
mode, of few-group constants obtained above are linked and
correspond to the quasi-static core diffusion code for neutron
kinetics of under beam transients. This helps in establishing a
method for the analysis of neutron kinetics of ADSR with
self-adapting multi-mode core few-group constants for
arbitrary beam transient conditions.

DYNAMIC CHARACTERISTICS OF ADSR
UNDER BEAM TRANSIENTS

In this section, we discuss the results of neutron kinetics obtained
using multi-mode core few-group constants and IQS methods
under various sub-criticalities, locations, and beam transient
conditions. Further, compared to the direct solutions of time-
space dynamic equations (referred to as reference values) (Hou
et al., 2018), the dynamic characteristics of ADSR under beam
transients are analyzed. For a clear comparison, the number of
core neutrons is considered as the physical quantity governing
neutron kinetics.

In this study, the results obtained using self-adapting
multi-mode core few-group constants (multi-mode s_α and
multi-mode s_λ) are compared with those obtained using the
existing few-group constants based on single two-step method
(λ mode or S mode). Table 5 shows the few-group constants
used in several modes. Due to the different operating
conditions considered, according to a previous study (Hou
et al., 2018) on the weighting functions for the starting process
and the beam trip conditions, the adjoint λ fundamental
neutron flux density is uniformly used as the weighting
function of various modes.

Here, we studied the beam transients by considering the
starting process and the beam trip conditions. Since the errors
between the different quasi-static dynamic results and the
reference value is concentrated in a very short time after the
external source changes (Hou et al., 2018), we set the simulation
time of both operating conditions to 0.005 s. Figures 3A–C shows
the relative errors of the core neutron number and the reference

FIGURE 2 | Schematic of self-adapting multi-mode core few-group
constants.

TABLE 5 | Few-group constants used in various modes.

Existing few-group constants based on single two-step method Self-adapting multi-mode core few-group
constants

Mode λ mode S Mode Multi-mode s_α Multi-mode s_λ

Few-group constants Starting process λ mode Fixed source mode Fixed source mode Fixed source mode
Beam trip conditions λ mode Fixed source mode Prompt α mode λ mode
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value for the four modes under the conditions of keff � 0.99, 0.96
and 0.93, respectively.

The following inferences can be drawn from Figure 3:

1. For the starting process: the results of four modes are similar,
and the relative error increases first, then decreases, and finally
stabilizes.

2. For the beam trip conditions: the results of λ mode, S mode,
and multi-mode s_λ are similar. The relative error of multi-
mode s_α is relatively larger and its variation trend with time is
different from that of the other three modes. When keff � 0.99,
the relative errors of λ mode, S mode, and multi-mode s_λ
decrease first and then increase, while that of multi-mode s_α
keeps increasing. When keff � 0.96 and 0.93, the relative errors
of λ mode, S mode, and multi-mode s_λ increase first, then
decrease, then increase, and finally stabilize, while that of
multi-mode s_α first increases, then decreases, and finally
stabilizes.

3. As the sub-criticality increases, the difference in dynamics
between the four modes also increases.

Under the beam trip conditions, the multi-mode s_α behaves
differently from the other modes, which can be attributed to the
following two reasons:

1. Delayed neutrons and prompt neutrons are distinguished in
the prompt α mode but not in the other two modes.

2. When the beam is stable, the delayed neutron source term is
small and can be ignored. Mathematically, the source term of
the prompt α mode is smaller.

As the sub-criticality increases, the influence of the external
neutron source becomes stronger. Hence, the dynamic parameter
difference of different modes increases, which causes the
difference between the results of different modes to become
larger.

To measure the deviation of IQS dynamics in several
modes during the entire beam transients, we summed the
absolute values of the relative errors at various time points to
quantify the accuracy of each mode (Table 6) (Hou et al.,
2018). Table 6 indicates that under various sub-criticalities,
the relative magnitudes of the accumulated errors of the four
modes under the entire beam transients are basically
the same.

Overall, the error of the multi-mode s_λ based on S mode for
the starting process and λ mode for the beam trip conditions is
the smallest.

To study the space effect, we considered the relative errors of
neutron number in four typical positions of the core in four
modes (Figure 4). Figures 4–C show the relative errors between
the number of neutrons and the reference values at the positions
D1, D2, D3, and D4 of core for keff � 0.99, 0.96, and 0.93,
respectively.

FIGURE 3 | Relative errors of the beam transients under various sub-
criticalities.

TABLE 6 | Sum of the deviations between the IQS and reference results during the
entire beam transients.

Mode Sum of the absolute value of the errors

keff = 0.99 keff = 0.96 keff = 0.93

λ mode 1.229E + 02 1.912E + 02 1.566E + 02
S mode 1.240E + 02 1.927E + 02 1.583E + 02
Multi-mode s_α 3.643E + 02 2.175E + 02 1.727E + 02
Multi-mode s_λ 1.223E + 02 1.908E + 02 1.561E + 02
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Figure 4 indicates that at the four positions D1, D2, D3, and D4,
the variation trend of relative errors of the IQS results for the four

modes is roughly consistent with that of the total neutron number
of core. For the starting process, the error of the neutron kinetics
at D4 is the largest, and that at D2 is the smallest. For the beam trip
conditions, the error of the neutron kinetics results at the D4

position is the largest, and that at the D1 and D2 positions is
relatively small. As the sub-criticality increases, the difference
between the IQS results of the four modes also increases.

In general, by comparing the relative errors of neutron kinetics
results at various positions, it can be inferred that the relative error of
multi-mode s_λ is the smallest under the beam transient conditions.

CONCLUSION

In this study, the multi-mode core few-group constants of ADSR
with beam transients and time-space heterogeneity of neutron flux
were generated by three kinds of neutron fluxes: steady state of
ADSR, λ-eigenvalue fundamental wave, and α-eigenvalue
fundamental wave. We established a method for analyzing the
dynamic characteristics of ADSR under beam transients with the
generated self-adapting few-group constants. Further, the influence
of core few-group constants on the dynamic characteristics of the
ADSR under beam transients was examined. The results obtained
using self-adapting multi-mode core few-group constants (multi-
mode s_α andmulti-mode s_λ)were compared with those obtained
using the existing few-group constants based on two-step method
(λmode and S mode). The results revealed that under various sub-
criticalities and high heterogeneity of neutron flux in time-space,
the multi-mode s_λ was the most accurate, which was comprised of
the following two modes: steady-state mode of ADSR in the starting
process and λ-eigenvalue mode in the beam trip conditions. This
research provides useful insights on neutron kinetics and can boost
the development of ADSRs. In the future, more beam transient
conditions will be considered to verify the multi-mode method.
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