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a b s t r a c t

The TRIGA fuel of the Philippine Research Reactor-1 (PRR-1) will be used in a subcritical reactor assembly
(SRA) to strengthen and advance nuclear science and engineering expertise in the Philippines. SRA offers
a versatile and safe training and research facility since it can produce neutrons through nuclear fission
reaction without achieving criticality. In this work, we used a geometrically detailed model of the PRR-1
TRIGA fuel to design a subcritical reactor assembly and calculate physical parameters of different fuel
configurations. Based on extensive neutron transport simulations an SRA configuration is proposed,
comprising 44 TRIGA fuel rods arranged in a 7 � 7 square lattice. This configuration is found to have a
maximum keff value of 0:95001±0:00009 at 4 cm pitch. The SRA is characterized by calculating the 3-
dimensional neutron flux distribution and neutron spectrum. The effective delayed neutron fraction and
mean neutron generation time of the system are calculated to be 748 pcm±7 pcm and 41 ms, respec-
tively. Results obtained from this work will be the basis of the core design for the subcritical reactor
facility that will be established in the Philippines.
© 2018 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

The Philippine Nuclear Research Institute (PNRI) used to operate
the Philippine Research Reactor-1 (PRR-1), which is the only nu-
clear facility that was utilized in the Philippines. The facility was the
focal point of nuclear expertise in the country during its operation
from 1963 to 1984. In 1984, PRR-1 was upgraded into a 3 MW
TRIGA reactor but it was rendered inoperable in 1988 due to an
unresolved technical problem. The TRIGA fuel rods, which were
provided as part of the PRR-1 upgrade, were only slightly irradiated
during the conversion testing. These fuel rods have remained un-
used for 30 years since 1988. The absence of an operating nuclear
facility resulted in the decline of expertise in nuclear science and
engineering in the country. To augment this problem, PNRI decided
in 2014 to re-operate PRR-1 using the slightly irradiated TRIGA fuel
in a subcritical reactor assembly (SRA). This planned facility will be
utilized for training, education and basic research to rebuild the
country's human capacity in nuclear science and engineering. The
planned SRA will be contained in the existing reactor pool inside
the PRR-1 building as illustrated in Fig. 1.

A subcritical reactor is a nuclear fission reactor with a neutron
multiplication factor keff <1, which means that the system requires
an external neutron source to sustain fission chain reaction. Iso-
topic neutron sources such as 239Pu-Be, 252Cf, 226Ra-Be are typically
used to drive SRAs [1e3]. Accelerators that produce neutrons via
spallation reaction are also used as a neutron source for accelerator
driven systems (ADS) where a particle accelerator is coupled to a
nuclear reactor [4e7]. SRAs are used for research, education and
training in the field of nuclear science and engineering around the
world. Source driven sources are utilized to measure neutron noise
and reactor kinetic parameters, as well as to validate neutron flux
and reactor power calculations [2] [3], [8]. Accelerator driven
subcritical systems, which operate with high energy neutrons, are
also known to have very good potential for nuclear waste trans-
mutation [6], [9e11]. Compared to critical reactor systems (keff ¼
1), SRAs offer a facility for training and basic research, which is
relatively safer due to lesser radiation exposure and lower risk of
criticality accident [6], [12]. This makes it an ideal starting nuclear
facility for Philippines which is resuming a nuclear science and
technology program. The plan is to build a critical mass of
manpower knowledgeable on nuclear science through the opera-
tion of the PRR-1 SRA while investigating the feasibility of pro-
ceeding to a critical assembly.* Corresponding author.
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The aim of this work is to design an optimal subcritical core
configuration for the PRR-1 TRIGA fuel rods and thoroughly analyze
its neutronic characteristics, together with the supporting struc-
tures and proposed irradiation facilities. We employed a detailed
model of the PRR-1 TRIGA fuel rod based on actual design param-
eters to simulate different core configurations using MCNP5 v.1.6
transport code [13]. Since the PRR-1 originally featured a rectan-
gular lattice, it was decided to keep such lattice also for the SRA.

The fuel configuration chosen, with keff ¼ 0:95001; contains 44
fuel rods arranged in a 7 � 7 square lattice at 4 cm pitch. The
neutron flux profile, the effective delayed neutron fraction (beff ),
and mean neutron generation time (L) of the system are also
presented in this paper.

2. Reactor physics of subcritical systems

Since subcritical reactors are operated with an external neutron
source (NS), it is expected that its neutron flux profile will differ
from the typical neutron distribution in a critical reactor. An
external NS affects the reactor parameters of an SRA in at least two
ways. First, the neutron multiplication factor of the SRA is influ-
enced by two kinds of neutrons: neutrons born from fission events
and neutrons from the NS. Second, the NS increases the flux level
and distorts the neutron flux shape in the SRA [14] [15], which
indicates that the power level of an SRA is dependent on the NS
strength [16].

In order to account for these effects, deterministic calculation
methods require a modification of static and dynamic point equa-
tions. Applicable equations have been derived for subcritical sys-
tems, which introduced a source multiplication factor ks, in
addition to the fission multiplication factor kf [14] [17], [18]. The
latter factor corresponds to the conventional keff . The contribution
of each factor to the neutron multiplication factor of a subcritical
system ksc is expressed as [18]:

ksc ¼
kf F þ ksS
F þ S

; (1)

where F is the total number of fission neutrons and S is the total
number of neutrons from the source. Another parameter that re-
lates ksc to keff is the neutron source efficiency. This parameter
provides the relative importance of the source neutrons compared

to fission neutrons and tends to be higher when the external source
is placed in a high neutron-importance region [4] [19], [20].

Gandini [17] emphasized that the use of ksc is pertinent for
calculations of transients with broad time steps or for survey cal-
culations well below criticality conditions. However, the use of the
standard keff is recommended for analysis of accidental events in
which the criticality condition may be surpassed during the tran-
sient [17]. As to the magnitude of difference between the factors,
Nishihara's analytic solution for the stationary state shows that kf
and keff differed by 0.51% in a systemwith keff ¼ 0:95, which is the
target value for our system, and the two factors further agree for
systems approaching criticality [18].

To determine the dependence of the subcritical neutron spec-
trum F on the external NS spectrum, the inhomogenous neutron
balance equation in infinite medium is written as follows [14]:

A,F ¼ FХ f þ SХ s ; (2)

where A is the removal operator which accounts for absorption and
scattering of neutrons while Xi is the neutron emission spectrum
vector for the fission source (i ¼ f ) and the external NS (i ¼ s). In
this treatment, neutron leakage is not accounted for and the infinite
multiplication factors k∞;f and k∞ are used instead of kf and keff ,
respectively. The solution to Eq. (2) has been shown to have the
following form [14]:

F ¼ S

 
fs þ

fc

1
.
k∞;f � 1

!
k∞ ; (3)

which suggests that for a deeply subcritical system ðk∞;f≪1Þ, F
tends to be closer to the shape of fs, which corresponds to the
neutron spectrum of the external NS in a system with almost no
fuel material. On the other hand, fc, which is the neutron spectrum
of a critical reactor dominates over fs as the system approaches
criticality ðk∞;f/1Þ.

Deterministic codes, which rely on directly (commonly numer-
ical) solving the neutron transport equation or diffusion equation to
determine reactor parameters, require explicit formalisms to
describe the behavior of subcritical reactor systems. On the other
hand, Monte Carlo (MC) codes have the capability to calculate
reactor parameters based on statistical averages of neutron

Fig. 1. Layout designs of PRR-1 (a) dome-shaped building with the reactor pool; (b) reactor pool with the proposed location of the SRA; and (c) the proposed fuel assembly in the
core tank.
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behavior by simulating a large number of neutron histories.
Compared to deterministic codes, MC codes have the advantage of
arbitrary geometry modelling and detailed representation of
physical data since it does not require approximations. Although
the two methods have fundamentally different approaches in
calculating reactor parameters, they are expected to provide similar
results when describing relatively simple systems. In this work the
MCNP5 v.1.6 [13] MC particle transport code was used to calculate
reactor parameters. MCNP is a well validated Monte Carlo radiation
transport code that is capable of simulating neutron transport in
complex three-dimensional systems.

3. Methods

3.1. Modeling of PRR-1 TRIGA fuel rods

The PRR-1 TRIGA fuel rod is 75.2 cm long and comprises 4 fuel
elements (FE) composed of a solid homogenous mixture of U, Er,
and a ZrH moderator. Each FE contains ~20 wt % uranium with
19.7% 235U enrichment. The average uranium mass in each fuel
rod is 427 g ±3 g. Erbium, a burnable poison mixed uniformly
with the UeZrH, accounts for 0.45 wt % of the fuel moderator
while the H/Zr atom ratio is about 1.6. As shown in Fig. 2, the
active section of the fuel-moderator rod has a diameter of
2.97 cm and is 50.8 cm long. The 4 FEs, the central Zr rod, the top
and bottom graphite reflectors are enclosed in a 0.05 cm thick
Incoloy-800 cladding with welded top and bottom fittings made
of Inconel-600. For the calculations, we used a detailed fuel
model based on these design parameters to simulate different
TRIGA fuel rod configurations.

PRR-1 has a total of 130 TRIGA fuel rods, 115 of which were
slightly irradiated when the PRR-1 conversion to TRIGA was tested
in 1988, while 15 rods are completely fresh. Investigations on the
effect of fuel burnup at the Istanbul Technical University (ITU)
TRIGA reactor showed that a total burnup of 5.8 MWd resulted in
only 1% reduction in the average thermal neutron flux in the core
[21]. A study conducted at the Jo�zef Stefan Institute (JSI) TRIGA

reactor reported that by accounting for the 2.2 MWd total burnup
of their fuel rods, the keff of their reactor MC model decreased by
1.3% Dk=k [22]. In comparison, the barely irradiated fuel rods of
PRR-1 have a total core burnup of only 0.625MWd, which is further
divided among the 115 fuel rods. This warrants the use of fresh fuel
parameters in our computational model.

The aim is to obtain a water moderated core configuration that
utilizes the highest number of fuel rods but will remain subcritical.
The acceptable range for the subcriticality margin is
5000 pcm±10% . To determine the desired core configuration, fuel
rod models arranged in different configurations in square lattices
were analyzed. The square lattice was chosen due to its symmetry
and simple geometry implementation. The largest array analyzed
in the simulation consists of 121 fuel rods in an 11 � 11 lattice,
while the smallest consists of 36 rods in a 6 � 6 lattice. The fuel rod
pitch for each array was varied from 3.5 cm to 6 cm at 0.5 cm in-
terval to obtain the keff vs pitch plot for each lattice. Fig. 3 presents a
sample MCNPmodel for the 11� 11 lattice at 5 cm pitch, where the
cylindrical aluminum core tank holding the fuel rods in place is
shown. The aluminum tank is 101.5 cm long,1.5 cm thick and has an
inner diameter of 81 cm. The bottom and upper support plates are
2.5 cm and 2 cm thick, respectively. Awater cylinder boundary that
encloses the core tank with the fuel rod array, as shown in Fig. 3 (c),
was also added to the model. The water boundary is 415 cm long
and has a diameter of 261.6 cm, which corresponds to the actual
diameter of the PRR-1 reactor pool.

3.2. Criticality calculations

The effective neutron multiplication factor keff of each fuel
configurationwas determined by performing criticality calculations
(KCODE mode in MCNP) with MCNP5v.1.6 [13] and ENDF/B-VII.0
nuclear data library [23]. MCNP calculates keff by running succes-
sive fission cycles, which correspond to actual fission generations.
Neutrons are terminated in each cycle, implying that the initial
declaration of fission points only affects the first cycle. The effective

Fig. 2. PRR-1 TRIGA Incoloy-800 clad fuel-moderator and the vertical cross-section of its MCNP model.
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delayed neutron fraction beff of the SRA is also determined using
two different calculation methods. The first calculation is based on
the method developed in Ref. [24]:

beff ¼ 1� keff ;p
keff

; (4)

where, keff ;p is the prompt neutron multiplication factor obtained
from simulating the system without accounting for the delayed
neutrons. The second calculation utilized the built-in KOPTS card,
which calculates the adjoint weighted kinetic parameters beff andL

in a single run [24e26].
KCODE calculations were executed with 2100 active cycles, 100

inactive cycles and 5 � 105 neutrons per cycle, which corresponds
to 108 neutron histories. This is performed for all 36 fuel configu-
rations to obtain keff vs pitch plots for each of the 6 square lattices
as well as for the final configuration to obtain beff . The plots ob-
tained from these criticality calculations is used as the basis for
identifying the fuel configuration which closely meets the re-
quirements for the SRA.

3.3. Reactor physics and kinetics calculations

To further characterize the selected SRA configuration, a hypo-
thetical NS, with geometry dimensions that closely follow that of
the TRIGA fuel rod, was incorporated in the model. A cylindrical NS
with a diameter of 2.9 cm and length of 3.81 cm is declared at the

center (0, 0, 33.905) of the SRA. Due to its long half-life and low
gamma intensity, a 239PuBe neutron source with spectrum (Fig. 4)
obtained from Ref. [27] was employed. Exact composition of the
239PuBe neutron source depends largely on the manufacturer. As
such, the material composition of our hypothetical NS followed the
values reported in Ref. [28], i.e. 68.6 wt % 239Pu and 30.7 wt % 9Be.

The mean neutron generation timeL of the systemwas likewise
calculated following the method presented in Ref. [29]:

L ¼ r� beff
a0

; (5)

where r ¼ keff�1
keff

is the reactivity of the system. The fundamental

mode decay constant, a0 is obtained by simulating the prompt
neutron decay in the SRA. This is done by implementing a fixed
source calculationwith the NS turned on for 10 ms and then turned
off. The neutron flux over all the fuel rods is then tallied as a
function of time to calculate the prompt drop. The mean neutron
generation time determined from this method is then compared
with the value calculated with the KOPTS card as described in
Section 3.2.

One of the proposed utilization for the SRA is neutron irradia-
tion to induce small amounts of radioactivity in selected materials.
In order to effectively implement this application, it is essential to
determine the neutron distribution in the SRA. For this purpose, the
neutron flux distribution in the SRA is calculated in 0.125 cm3

meshes through the whole space of interest. The lethargy neutron
spectra and relative distribution of thermal, epithermal, fast and
total neutrons were likewise determined in selected regions of the
system.

4. Results and discussion

4.1. keff vs Pitch plots

Calculated keff corresponding to different fuel pitches are
plotted in Fig. 5 (a) for each of the six fully filled fuel arrays. The
uncertainties of all calculated effective multiplication factors
ranged from 7 pcm to 9 pcm. Maximum keff values are observed at
about 4 cm pitch for all the square lattices considered. The plots
show that 8 � 8 to 11 � 11 configurations result in supercritical
assemblies when the fuel pitch is less than 5 cm. On the other hand,
the maximum keff calculated for the 6 � 6 configuration is 0.92557

Fig. 3. (a) x-y plane and (b) x-z plane cross-section views of the MCNP model for the 11 � 11 square lattice at 5 cm pitch. (c) 3D view of the core assembly in a water cylinder
boundary.

Fig. 4. Bare 239PuBe neutron spectra obtained from Ref. [27].
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± 0.00008 at 4 cm. This value is 2.64% Dk=k lower than our target,
which indicate that the best candidate for the SRA is the 7 � 7
square lattice. These results provide information on the criticality
state of the systemwith different number of fuel rods and can help
establish the safety margins for the SRA.

Since the SRA core is intended to contain the NS and other
instrumentation, different configurations of empty slots in the
7� 7 square lattice were investigated until the keff vs fuel pitch plot
in Fig. 5 (b) was obtained. This plot is derived from a 7 � 7 square
lattice with 44 TRIGA fuel rods and 5 empty slots, which results in a
subcritical configuration with a maximum keff value of
0:95001±9 pcm at 4 cm pitch. The 5 empty slots are labeled from I1
to I5 as shown in Fig. 6. The NS will be positioned at I1 to preserve
the symmetry of the system and to ensure maximum external
source efficiency, while positions I2 to I5 are proposed to be used as
inner irradiation channels. 64 smaller circular holes (∅ ¼ 1.5 cm)
and 8 bigger holes (∅¼ 5 cm) were also added at the support plates
to provide slots for neutron detectors and outer irradiation chan-
nels, respectively. The labeling scheme applied and the schematic
diagram of the selected SRA configuration are presented in Figs. 6
and 7, respectively.

4.2. SRA neutron flux profile

A hypothetical neutron source (NS) is added in the selected SRA
configuration as described in Section 3.3. The system is then
characterized by mapping the neutron flux distribution at 3 hori-
zontal planes. The first map in Fig. 8 (a) is obtained at z ¼ 34:5 cm,
which cuts across the volumetric neutron source as indicated by
the red line in Fig. 7. It is observed that in this plane, the neutron

distribution of the NS dominates as predicted by Eq. (3). At planes
farther from the source, z ¼ 49:25 cm and z ¼ 64:25 cm, the
neutron distribution becomes more uniform and tends to take the
form of the fuel rods arrangement in the lattice. This indicates that
at locations farther from the NS, neutrons born from fission become
increasingly important in comparison to the neutrons from the NS.
These neutron profile patterns resemble what has been previously
reported for subcritical assemblies [1], [2]. It is also noted that at
z ¼ 64:25 cm, which is just above the top graphite reflectors of the
fuel rods, the neutron flux is highest at the central part of each
lattice slot due to the absence of fuel materials in this plane.

Neutron spectra in six representative channels (I2, O1, MH1,
MH10, MH19, MH28) in the SRA are characterized. Due to sym-
metry of the SRA configuration, the inner channel I2 is expected to
have the same flux distribution as I3, I4 and I5. For outer channels,
O1 has the same flux distribution as O2 to O8. Measurement holes
(MH) 1, 10, 19 and 28 are also considered to provide information on
the neutron flux distribution in channels situated at 4 different
radial distances from the NS.

Fig. 9 shows a comparison of the neutron spectra in the six
representative channels of the SRA, where the flux values are
normalized to the corresponding value at 1 eV. The spectral frac-
tions for thermal, epithermal and fast neutrons are summarized in
Table 1, which also shows the relative magnitude of the total flux,
4tot in each channel. The highest total flux is obtained at MH28,
which is located closest to the NS. This channel also registers the
hardest spectrum with ~40% fast neutrons. The high thermal
spectral fraction (~70%) in O1 makes it ideal for thermal neutron
activation applications, although it may require considerably long
irradiation time due to the low total flux in this channel that is only
25% of the total flux in MH28. The second best candidate for ther-
mal neutron irradiation applications is I2 with 36% more neutrons
than O1 and 53.1% neutrons in the thermal energy range.

4.3. SRA kinetic parameters

The total (keff ) and prompt (keff ;p) neutron multiplication factors
of the SRA with the hypothetical NS were found to be 0:95286±3
pcm and 0:94574±3 pcm, respectively. These factors are used
together with Eq. (4) to calculate the delayed neutron fraction of
the system, which was evaluated to be beff ¼ 747:2 pcm±4:5 pcm.
Although the hypothetical NS increased the keff of the system by
0.3% Dk=k from 0.95001, the factor is still within the range
considered for the SRA.

The simulation of the prompt neutron decay described in Sec-
tion 3.3 resulted in the plot shown in Fig. 10. An exponential
function is fitted, using the method of least squares, in the prompt
drop region and the decay constant was evaluated to be a0 ¼ 1:318.

Fig. 5. keff versus fuel pitch for (a) different square lattices filled with TRIGA fuel rods and (b) 7 � 7 fuel rod lattice with 5 empty slots at I1, I2, I3, I4 and I5.

Fig. 6. Core configuration with labeling scheme used to identify slots in the SRA.
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Fig. 7. Schematic diagram for the selected subcritical configuration with 44 TRIGA fuel rods, 5 empty slots and measurement holes arranged in a 7 � 7 square lattice.

Fig. 8. Spatial neutron distribution in the SRA at (a) z ¼ 34:25 cm, (b) z ¼ 49:25 cm, and (c) z ¼ 64:25 cm. Tallies are calculated in 0.125 cm3 meshes at 0.5 cm divisions in the x, y
and z directions.

Fig. 9. Lethargy neutron spectrum at proposed irradiation channels I2 and O1 as well as measurement holes 1, 10, 19 and 28 in the SRA. Data is normalized to the corresponding
value at 1 eV.
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Using Eq. (5), the mean neutron generation time of the system is
calculated to beL ¼� 37 ms. Table 2 compares the values of kinetic
parameters obtained using the prompt method and the values
calculated using the KOPTS card option in MCNP5. Results agree
well for the calculated beff values. The discrepancy between the two
calculated L values is due to the intrinsic difference of the calcu-
lation methods we applied. However, the ~10% difference in our
calculations is small compared to reported values in Refs. [30] [31],
where the difference between calculated values of the mean gen-
eration time can reach 36% for a bare system, more than 200% for a
thermal fission system, and can even reach more than 600% for a
fast fission system. It is also shown in Ref. [32] that different cal-
culations methods can readily result in 10% difference in calculated
values of reactor kinetic parameters. In addition, it must be noted
that the values we calculated for the kinetic parameters of the SRA
are well within the range of values summarized in Ref. [29].

5. Summary

The design for a subcritical reactor assembly (SRA) with 44
TRIGA fuel rods arranged in a 7 � 7 square lattice is proposed. The
basic reactor physics parameters of the designed SRA are computed
through the use of the neutron transport calculation code MCNP. It
is found that the subcritical configuration results in amaximum keff
value of 0.95001 ± 0.00009 at 4 cm pitch. The addition of a hypo-
thetical neutron source increases the keff of the system by 0.3%

Dk=k. The neutron distribution and spectra of the chosen core
configuration is calculated to provide information that will be
useful for the proposed utilization of the SRA for sample irradiation
and reactor physics experiments. Lastly, the delayed neutron frac-
tion and mean neutron generation time, which are key kinetic
parameters of the system, were calculated using two different
methods and were found to be 748 pcm±7 pcm and 41 ms,
respectively. The result of this work will be the basis of the
subcritical assembly that will be established at the PRR-1 facility in
PNRI. The implementation of this facility is projected to reestablish
nuclear science and technology expertise in the Philippines as well
as demonstrate the reuse of a nuclear research reactor that has
been unutilized for three decades.
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Parameter Prompt method Adjoint weighted

beff 747:2 pcm±4:5 pcm 748 pcm±7 pcm
L � 37 ms 41 ms

A. Asuncion-Astronomo et al. / Nuclear Engineering and Technology 51 (2019) 337e344 343

https://doi.org/10.1016/j.net.2018.09.025
http://refhub.elsevier.com/S1738-5733(18)30488-1/sref1
http://refhub.elsevier.com/S1738-5733(18)30488-1/sref1
http://refhub.elsevier.com/S1738-5733(18)30488-1/sref1
http://refhub.elsevier.com/S1738-5733(18)30488-1/sref2
http://refhub.elsevier.com/S1738-5733(18)30488-1/sref2
http://refhub.elsevier.com/S1738-5733(18)30488-1/sref2
http://refhub.elsevier.com/S1738-5733(18)30488-1/sref2
http://refhub.elsevier.com/S1738-5733(18)30488-1/sref3
http://refhub.elsevier.com/S1738-5733(18)30488-1/sref3
http://refhub.elsevier.com/S1738-5733(18)30488-1/sref3
http://refhub.elsevier.com/S1738-5733(18)30488-1/sref3
http://refhub.elsevier.com/S1738-5733(18)30488-1/sref4
http://refhub.elsevier.com/S1738-5733(18)30488-1/sref4
http://refhub.elsevier.com/S1738-5733(18)30488-1/sref4
http://refhub.elsevier.com/S1738-5733(18)30488-1/sref5
http://refhub.elsevier.com/S1738-5733(18)30488-1/sref5
http://refhub.elsevier.com/S1738-5733(18)30488-1/sref5
http://refhub.elsevier.com/S1738-5733(18)30488-1/sref5
http://refhub.elsevier.com/S1738-5733(18)30488-1/sref6
http://refhub.elsevier.com/S1738-5733(18)30488-1/sref6
http://refhub.elsevier.com/S1738-5733(18)30488-1/sref6
http://refhub.elsevier.com/S1738-5733(18)30488-1/sref6
http://refhub.elsevier.com/S1738-5733(18)30488-1/sref6
http://refhub.elsevier.com/S1738-5733(18)30488-1/sref7
http://refhub.elsevier.com/S1738-5733(18)30488-1/sref7
http://refhub.elsevier.com/S1738-5733(18)30488-1/sref8
http://refhub.elsevier.com/S1738-5733(18)30488-1/sref8
http://refhub.elsevier.com/S1738-5733(18)30488-1/sref8
http://refhub.elsevier.com/S1738-5733(18)30488-1/sref9
http://refhub.elsevier.com/S1738-5733(18)30488-1/sref9
http://refhub.elsevier.com/S1738-5733(18)30488-1/sref9
http://refhub.elsevier.com/S1738-5733(18)30488-1/sref9
http://refhub.elsevier.com/S1738-5733(18)30488-1/sref10
http://refhub.elsevier.com/S1738-5733(18)30488-1/sref10
http://refhub.elsevier.com/S1738-5733(18)30488-1/sref10
http://refhub.elsevier.com/S1738-5733(18)30488-1/sref10
http://refhub.elsevier.com/S1738-5733(18)30488-1/sref11
http://refhub.elsevier.com/S1738-5733(18)30488-1/sref11
http://refhub.elsevier.com/S1738-5733(18)30488-1/sref11
http://refhub.elsevier.com/S1738-5733(18)30488-1/sref11
http://refhub.elsevier.com/S1738-5733(18)30488-1/sref12
http://refhub.elsevier.com/S1738-5733(18)30488-1/sref12
http://refhub.elsevier.com/S1738-5733(18)30488-1/sref12
http://refhub.elsevier.com/S1738-5733(18)30488-1/sref13
http://refhub.elsevier.com/S1738-5733(18)30488-1/sref13
http://refhub.elsevier.com/S1738-5733(18)30488-1/sref14
http://refhub.elsevier.com/S1738-5733(18)30488-1/sref14
http://refhub.elsevier.com/S1738-5733(18)30488-1/sref14
http://refhub.elsevier.com/S1738-5733(18)30488-1/sref14
http://refhub.elsevier.com/S1738-5733(18)30488-1/sref15
http://refhub.elsevier.com/S1738-5733(18)30488-1/sref15
http://refhub.elsevier.com/S1738-5733(18)30488-1/sref15
http://refhub.elsevier.com/S1738-5733(18)30488-1/sref15
http://refhub.elsevier.com/S1738-5733(18)30488-1/sref16


facility using MCNP, Atoms 4 (3) (2016) 20.
[17] A. Gandini, On the multiplication factor and reactivity definitions for

subcritical reactor systems, Ann. Nucl. Energy 29 (6) (Apr. 2002) 645e657.
[18] K. Nishihara, T. Iwasaki, Y. Udagawa, A new static and dynamic one-point

equation and analytic and numerical calculations for a subcritical system,
J. Nucl. Sci. Technol. 40 (7) (2003) 481e492.

[19] H. Shahbunder, C.H. Pyeon, T. Misawa, J.Y. Lim, S. Shiroya, Subcritical multi-
plication factor and source efficiency in accelerator-driven system, Ann. Nucl.
Energy 37 (9) (2010) 1214e1222.

[20] S. Zhou, et al., LAVENDER: a steady-state core analysis code for design studies
of accelerator driven subcritical reactors, Nucl. Eng. Des. 278 (2014) 434e444.
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