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a b s t r a c t

In deterministic and Monte Carlo transport codes, b-delayed emission is included using a group structure
where all of the precursors are grouped together in 6 groups or families, but given the increase in
computational power, nowadays there is no reason to keep this structure. Furthermore, there have been
recent efforts to compile and evaluate all the available b-delayed neutron emission data and to measure
new and improved data on individual precursors. In order to be able to perform a transient Monte Carlo
simulation, data from individual precursors needs to be implemented in a transport code. This work is
the first step towards the development of a tool to explore the effect of individual precursors in a fissile
system. In concrete, individual precursor data is included by expanding the capabilities of the open
source Monte Carlo code OpenMC. In the modified code e named Time Dependent OpenMC or
OpenMC(TD)e time dependency related to b-delayed neutron emission was handled by using forced
decay of precursors and combing of the particle population. The data for continuous energy neutron
cross-sections was taken from JEFF-3.1.1 library. Regarding the data needed to include the individual
precursors, cumulative yields were taken from JEFF-3.1.1 and delayed neutron emission probabilities and
delayed neutron spectra were taken from ENDF-B/VIII.0. OpenMC(TD) was tested in a monoenergetic
system, an energy dependent unmoderated system where the precursors were taken individually or in a
group structure, and in a light-water moderated energy dependent system, using 6-groups, 50 and 40
individual precursors. Neutron flux as a function of time was obtained for each of the systems studied.
These results show the potential of OpenMC(TD) as a tool to study the impact of individual precursor
data on fissile systems, thus motivating further research to simulate more complex fissile systems.
© 2023 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

Two types of neutrons are emitted in a nuclear fission reaction:
prompt and delayed neutrons. Prompt neutrons, emitted almost
instantaneously (~ 10�14 s) after a fission event occurs, have en-
ergies of the order of a few MeV. On the other hand, delayed
neutrons, are emitted frommilliseconds to tens of seconds after the
fission event and its energies are of the order of hundreds of keV.
-Barrientos).

by Elsevier Korea LLC. This is an
This delayed emission is associated to the half-life of the b-decay
corresponding to the fission product parent nucleus. Nuclei that are
emitters of b-delayed neutrons are called delayed neutron pre-
cursors or precursors [1]. If there is enough fissile material, a
neutron can induce fission in other nuclei, thus initiating a fission
chain reaction. From this reaction, many delayed neutron precursor
isotopes can be produced, for example, for 235U there are about 540
fission products and 270 precursors [2]. Traditionally, all these
precursors have been grouped in 6 families or groups. Each of these
groups consists of different isotopes and is characterized by a group
constant, a group relative yield and a group energy spectrum. This
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structure was proposed originally by Keepin [1] in 1957, assuming
that delayed neutron decay activity can be represented as a sum of
exponential decays periods. Even though this grouping is generally
used in deterministic or Monte Carlo simulations, it limits the op-
portunity to study how new and improved nuclear data on indi-
vidual precursors impacts quantities such as the time evolution of
the neutron flux. There has been a renewed interest in the mea-
surement of nuclear decay properties of the most neutron-rich
nuclei, such as decay half-lifes, neutron emission probabilities
and production yields [3], along with efforts from the International
Atomic Energy Agency Coordinated Research Project on a Reference
Database for b-delayed Neutron Emission [4]. This scenario brings
the opportunity to explore how new individual precursor data
impacts on simulations of fissile systems. This work presents the
methodology and results obtained when explicitly including the
time dependence related to the b-delayed neutron emission from
individual precursors in a Monte Carlo simulation. This entails two
challenges, the first is the inclusion of delayed neutron emission in
a Monte Carlo simulation and the second is the addition of data
from individual precursor in the simulation. The open source
transport Monte Carlo code OpenMC was chosen [5] to include
these modifications. The work presented here is a summarized and
revised version of the corresponding author’s Ph. D thesis [6,7].
Table 1
Six precursor groups and its corresponding decay constants and relative abundances
for the thermal fission of235U from Keepin’s experiment [1].

Group lj (s�1) aj

1 0.0124(3) 0.033(3)
2 0.0305(9) 0.219(9)
3 0.111(4) 0.196(22)
4 0.301(12) 0.395(11)
5 1.14(15) 0.115(9)
6 3.01(29) 0.042(8)
2. b-Delayed neutron emission in fissile systems

b-Delayed emission is produced when a fission product (Z, N)
decays via a b� process with a father-daughter atomic mass dif-
ference Qb. If this mass difference Qb is greater than the neutron
separation energy Sn, then excited states in the daughter nucleus
(Z þ 1, N � 1) can be populated. This nucleus in turn can decay to
the nucleus (Z þ 1, N � 2). Although the neutron is emitted
instantaneously, the time scale of this emission is related to the
half-life of the b� decay corresponding to the (Z, N) nucleus. This
parent b-decay nucleus (Z, N) is known as delayed neutron precursor
or precursor.

In a nuclear fission chain reaction a large number of delayed
neutron precursor isotopes can be produced. In 1957, Keepin
measured the periods, relative abundances and yields of delayed
neutrons from fission and proposed to group all of these precursors
in 6 groups, by assuming that their decay activity could be repre-
sented as a linear superposition of exponential decay periods, i.e.,

AðtÞ ¼
X6
j¼1

ajexpð�ljtÞ; (1)

where A(t) is the measured decay activity, aj the relative abundance
of group j, and lj the decay constant of group j. Is important to
notice that the measured decay activities, relative abundances, and
group decay constants are specific for each fissile target (i.e. 235U or
239Pu) and incident neutron energy (i.e. thermal or fast fission).
These groups and its parameters are shown in Table 1 for the case of
thermal fission of 235U.

Delayed neutrons play an important role in nuclear reactor ap-
plications [8,9]. For instance, in the design of a nuclear reactor, they
are related to parameters that characterize its global response from
a kinetic point of view such as the effective delayed neutron frac-
tion, the effective neutron generation time, and the reactor period.
During the operation of a nuclear reactor, delayed neutron data is
used as input to perform the calibration of control rods, and in the
case of safety, delayed neutrons are related to transient states
produced by changes in reactivity.

The different time scales of prompt and delayed neutrons have
consequences when these emissions are included in a Monte Carlo
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simulation. To further discuss this issue, since delayed neutron
precursor decay is a stochastic process, it can be described by

piðtÞ ¼ lie
�liðt�t0Þ; (2)

with pi(t) being the decay probability density for the i-th precursor
at a given time t, li the decay constant for the i-th precursor and t0
the creation time of the precursor. With this probability, an analog
Monte Carlo simulation could be performed to describe a fissile
system: at a time tf of the fission event, np prompt neutrons are
produced and afterwards, at a time t ¼ tf þ td, nd delayed neutrons
are inserted into the simulation. Time td is sampled from decay
probability Eq. 2, while the energy is sampled from the precursor
delayed neutron energy distribution. Though this strategy emulates
the events in a nuclear reactor, different timescales associated to
prompt and delayed events would result in large variances. As it
was mentioned, there is a time delay between the nuclear fission
event and the emission of a delayed neutron from the precursor
decay. To further illustrate this point, the average lifetime of a
prompt neutron in a light water reactor is about 10�4 s and the
average number of neutrons in a fission chain for a system close to
critical is � 150 neutrons [10]. This means that the average lifetime
of a neutron chain is about 10�2 s. On the other hand, a prompt
fission chain in a critical reactor will, on average, produce one
precursor, which in turnwill decay and emit a delayed neutron that
will produce a new fission chain in a few seconds. There will be no
new neutrons produced during this time, so in an analog Monte
Carlo simulation there will be no particles scored, thus obtaining
results with large variances. To overcome this problem, the decay of
precursors must be simulated in another way.

Related to the b-delayed neutron emission from individual
precursors, instead of using the traditional precursor structure,
there are 5 quantities needed to characterize individual precursor
nuclides: i) fission yield, ii) precursor delayed neutron emission
probability, iii) average delayed neutron yield, iv) precursor decay
constant, and v) precursor delayed neutron spectrum. Now each of
this quantities will be reviewed:

Cumulative fission yield (CY):Defined as the number of atoms of a
specific nuclei that are produced directly from fissions and via
decay of precursors. For instance, CY for 87Br is 2.03% in ENDF/B-
VIII.0 [2], which means that 203 atoms of 87Br are created per
10,000 fissions.

Precursor delayed neutron emission probability (Pn): Represents
the probability of a neutron emission. Following the example, in
ENDF/B-VIII.087Br has a 2.6% probability of decaying to 86Kr, emit-
ting a delayed neutron in the process, so, if 203 atoms of 87Br are
produced per 10,000 fissions, and they have a 2.6% probability of
decaying to 86Kr, then they will emit 5.3 delayed neutrons per
10,000 fissions.

Average delayed neutron yield (nd): Average number of delayed
neutrons produced per fission. It can be measured or it can be
calculated using the cumulative yield and the precursor delayed
neutron emission probability,
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nd ¼
XN
i

CYi Pn;i; (3)

where N is the number of precursors.
Precursor decay constant (l): Represents the probability for a

precursor to decay per time unit and it is proportional to the
number of precursors:

l ¼ �1
N

dN
dt

: (4)

Precursor delayed neutron spectrum (cd): Characterizes the energy
distribution of the delayed neutrons emitted by each precursor. At
this moment there are only 34 evaluated experimental spectra, the
rest obtained by using QRPA calculations [11]. Due to this fact, in
this work the “average energy” of the emitted delayed neutrons
was used, so all the precursors are balanced with regard to the b-
delayed neutron emission energies. A detailed discussion where b-
delayed average neutron energy for the 8-group precursor struc-
ture in OpenMC(TD) is compared with the neutron spectrum en-
ergy for the JEFF-3.1.1 8-group precursor structure can be found in
the corresponding author’s PhD thesis [6,7].

3. OpenMC Monte Carlo code

The Monte Carlo code OpenMC [5] is a relatively new, open-
source code for particle transport developed originally at the
Massachusetts Institute of Technology in 2013. It is currently being
developed and maintained by a community of researchers across
multiple institutions. This code is capable of simulating neutron
transport in fixed source, k-eigenvalue, and subcritical multiplica-
tion problems. The code supports both continuous-energy and
multigroup cross sections. OpenMC estimates physical quantities,
such as neutron flux, through tallies; filters are used to specify a
region of the phase space, for example, scoring neutron flux for a
given cell position. The continuous-energy nuclear cross section
data follows the HDF5 format [12] and is generated from ACE files
produced by NJOY [13]. Since this code is open source, its license
allows to modify the source code to develop and add new capa-
bilities. An example of this last point is the many number of pub-
lications associated to the code, covering topics and developments
such as benchmarking [14], coupling and multi-physics [15], ge-
ometry and visualization [16], multigroup cross section generation
[17], doppler broadening [18], nuclear data [19], parallelism [20],
depletion [21] and sensitivity analysis [22].

4. Methodology

The methodology used to include the b-delayed neutron emis-
sion from individual precursors in a Monte Carlo simulation is
presented in this section. First, it is shown how time dependence in
Monte Carlo was included. After that, the implementation of indi-
vidual precursors is discussed, and finally, strategies related to
overcome the large variances associated with the different time
scales between prompt and delayed neutrons are detailed. These
additions were part of the work developed during the corre-
sponding author’s PhD thesis [6,7], using the version of OpenMC
0.10, written in Fortran. Current version of OpenMC is 0.13.0,
written in Cþþ.

4.1. Time dependence in Monte Carlo

Given that time is not explicitly present in a Monte Carlo
simulation, there are some issues that needs to be addressed before
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considering the time delay of the delayed neutrons emitted by the
precursors. The first is to account for the time evolution of neu-
trons, by adding a time label t to the particles, which would serve as
a clock, with a value that is updated using the kinetic energy and
the distance traveled by the neutron between events. The initial
value for this label is set to zero (t ¼ 0) at the beginning of the
simulation and is updated as the particle is transported through the
simulation. To score measured quantities in time, this is, to score
the time evolution of observables in the simulation, a time filterwas
developed to add the capability to monitor the time evolution of
any of the tallies already present in the code. These two features
were presented and used to calculate two kinetic parameters: the
effective delayed neutron fraction beff and neutron generation time
L in a previous article [23]. The last feature needed to perform
transient Monte Carlo simulations is the division of the total
simulation time in discrete time intervals. There are two reasons
behind this: the first one is related to variance reduction and
population control methods implemented, which need a time grid
to be applied. The second reason is that in a transient simulation
changes to the geometry or reactivity can occur, and these changes
can be introduced at the end of a time interval.

4.2. Emission from individual precursors

At the time of writing this work there are no published Monte
Carlo codes for neutron transport in fissile systems that include
delayed neutron emission from individual precursors. Usually, if a
delayed neutron is sampled, then the next step is to choose which
precursor group will be sampled. Here, the relative yield for the
traditional 6- or 8-group structure is utilized. If the j-th group is
selected, then the delayed time associated with the delayed emis-
sion is sampled using the j-th group decay constant and Eq. (2).
Finally, the delayed neutron energy is chosen from the j-th delayed
neutron energy group spectrum, and the delayed neutron is
inserted directly into the simulation. In this work, if a delayed
fission is sampled, instead of directly inserting a delayed neutron in
the simulation, a precursor is produced. After this, which precursor
will decay must be chosen. To do this, the precursor importance or
relative abundance of the individual precursor i-th, Ii, defined as
[24].

Ii≡
CYi Pn;i

nd
; (5)

is used, with CYi the cumulative fission yield, Pn,i the precursor
delayed neutron emission probability, and nd the average delayed
neutron yield. The cumulative yield is used because given that the
initial transient source is constructed from a converged source
obtained from an eigenvalue calculation, an equilibrium state is
assumed. With the precursor chosen, the delayed time associated
to the emission is sampled using the precursor decay constant
along with Eq. 2. Lastly, the delayed neutron energy is the average
energy from the corresponding precursor delayed energy
spectrum.

As for the number of precursors included in the simulations, the
precursor importance shows the fraction of the total delayed
neutron yield that the precursor represents. To illustrate this point,
when using the CY from JEFF-3.1.1 [25] library and Pn from ENDF/B-
VIII.0, the average neutronyield obtained is 1.57� 10�2. Then, using
Eq. (5), the importance of 137I is 0.1626, which means that delayed
neutrons emitted from the decay of this precursor account for
16.26% of the total b-delayed neutron emission. Although there are
data for 269 precursors, in this the 50 most important precursors
will be included, since they account for 99.16% of the total delayed
neutron yield. The list of the 50 individual precursors used can be
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found in Appendix E of Ref. [6,7]. The delayed neutron yield was
renormalized to the emission from the 50 selected precursors.
Table 2 summarizes the differences when comparing between the
simulation of b-delayed neutron emission using the traditional
group structure versus using individual precursors.

4.3. Delayed neutron precursors

4.3.1. The precursor particle
To include the precursor decay in the simulation, a new particle

is defined in the code, the precursor particle. All individual pre-
cursors, or precursor groups, are combined into a single precursor
particle [10]. The decay probability for this particle is

pcombinedðtÞ ¼
X
i

Gilie
�liðt�t0Þ; (6)

here t0 is the timewhen the precursor particlewas created, andGi is
a factor that depends on whether individual precursors or precur-
sor groups are being considered:

Gi ¼
8<
:

bi
b
; for precursor groups:

Ii; for individual precursors:

(7)

With bi the delayed fraction for the i-th precursor group andP
ibi ¼ b, and b is the total delayed neutron fraction. If individual

precursors are being considered, then Ii is the precursor importance
for the i-th individual precursor.

4.3.2. Forced decay
An analog simulation of delayed neutrons produced from pre-

cursor decay would lead to significant variance in results obtained,
thus another way to simulate the delayed emission must be used.
Given that this variance is originated by the fact that there are too
few fission chains per unit time caused by decays from delayed
neutrons, one strategy would be to modify the precursor decay
probability, forcing the decay of all the precursors in each interval,
producing more delayed neutrons. This technique is called “forced
decay” [26] and it requires biasing the sampling of delayed neu-
trons, while preserving the Monte Carlo fair game by altering the
statistical weight of the emitted delayed neutrons. The simplest
choice for this biased decay probability is a uniform decay proba-
bility, forcing the decay of all the precursors in each one of the time
intervals in which the simulation is divided, this is

pðtÞ ¼ 1
tjþ1 � tj

¼ 1
Dt

; (8)

where t is the timewhen forced decay happens and Dt is the length
of the time interval. The statistical weight of the produced delayed
neutrons must be adjusted to

wdðtÞ ¼
pðtÞ
pðtÞ ¼ wc Dt

X
i

Gilie
�liðt�t0Þ with tj < t < tjþ1; (9)

wherewc corresponds to the statistical weight of the precursor. The
Table 2
Differences when using the precursor group structure or the individua

Quantity N-group struct

Relative abundance bi/b with 1 < i < 6
Decay constants Precursors in 6- or 8
Energy spectra Precursors in 6- or 8
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delayed neutron produced will be transported and can cause new
fissions. Once the delayed neutron of weight wd(t) was created, the
precursor is not eliminated from the simulation. Instead, it is added
to a precursor bank with weight

wpðtÞ ¼ wc
X
i

Gie
�liðtiþ1�tiÞ: (10)

This precursor will undergo forced decay, producing more delayed
neutrons. It is important to notice that precursors are not being
transported and only interact with the simulation through the
delayed neutrons that emits.
4.4. Initial transient source

To start a transient Monte Carlo simulation, an initial transient
source distribution is constructed using a previously converged
source distribution obtained from an eigenvalue calculation, with
effective multiplication source keff ~ 1. To asses the convergence of
the source distribution in the criticality calculation, OpenMC has
the capability to define a suitable spatial mesh to monitor the
Shannon entropy. This initial transient source can be created by two
methods. The first one is by transforming the neutron source ob-
tained from a criticality calculation into a mixed source, comprised
of neutrons and precursors. The second method requires the
sampling of the initial neutrons and precursors using appropriate
tallies after the eigenvalue calculation. For the case of a 1-group
monoenergetic system, the first method is an acceptable choice.
In this case, to determine the fractions of neutrons at a given po-
sition r the following relation is used:

n0ðrÞ
n0ðrÞ þ C0ðrÞ

¼ 1

1þ b
l
nvSf

; (11)

where n0(r) is the initial number of neutrons, C0(r) is the initial
number of precursors, b is the delayed neutron fraction, l is the
precursor decay constant, n is the delayed neutron yield, v is the
neutron speed, and Sf is the fission cross section. This relation is
valid only when considering neutrons of constant energy. For the
monoenergetic system studied in this work, it is obtained that for
every neutron there are about 104 precursors, and that the fraction
of prompt neutrons in steady state is of the order of 0.08%.

When using the second method [10] the energy dependent
initial transient source is sampled from an eigenvalue calculation,
with the number of neutrons calculated using the estimator

n0ðr; EÞ ¼
ð

4p

j0ðr;U; EÞ
vðEÞ dU; (12)

meanwhile the initial number of precursors is obtained using

Ci;0ðrÞ ¼
ð

4p

ð∞

0

biðr; EÞnðr; EÞSf ðr; EÞ
li

j0ðr;U; EÞdEdU; (13)

where j0 is the neutron flux, sampled by an already existing flux
l precursors.

ure This work

or 8 (CYi Pn,i)/nd with 1 < i < 50
- groups 50 individual precursors
- groups 50 individual precursors
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tally in OpenMC. There should be mentioned that the probability
distribution for precursors created in a fission event is different
than the one for precursors created from a steady state situation,
because precursors have undergone a portion of its decay before
t ¼ 0. Different precursors with different decay constants result in a
steady state fraction of the total number of precursors, Pi, given by

Pi ¼

8>>>><
>>>>:

lb

li

bi
b
; for precursor group

lb

li
Ii; for individual precursor;

(14)

where lb is the inversely weighted decay constant defined as

lb ¼

8>>>>><
>>>>>:

bX
i

bi
li

; for precursor group

1X
i

Ii
li

; for individual precursor;

(15)

This difference in the probability distributions is implemented in
the code according to the creation time of the precursor.
4.5. Population control

In the forced decay method precursors are always kept in the
simulation after they decay into delayed neutrons. This means that
the population of precursors continuously increases, so it must be
controlled. The population control method implemented in the
OpenMC code in this work is the combing method [27], originally
developed for stationary Monte Carlo simulations. The idea behind
this method is to preserve the total statistical weight, while
maintaining a fixed number of particles where all the statistical
weights are set to be the average weight. Keeping constant the
number of particles contributes to reduce computing time by
maintaining the population size approximately constant, while, by
setting the weight of each particle to be the same, statistical fluc-
tuations are reduced [28,29]. If the system is super-critical, comb-
ing prevents the unchecked growth of the population, while if the
system is sub-critical, it keeps the simulation running by prevent-
ing the population from dying. If the system is critical, combing
prevents the divergence of the population due to fluctuations of
fission chains [30].

In this method, if there are K particles at the end of a time in-
terval, with total statistical weight W, and the objective is to comb
them to M particles, then these K particles will be combed into M
using a comb with M teeth. Each combed particle is assigned a
statistical weight w0 ¼ W

M . Fig. 1 shows an example situation with
K ¼ 4 andM ¼ 3. Fig. 2 shows an example where K ¼ 5 andM ¼ 10.
In this work both the neutron and precursor populations are
combed separately.
1 In a Monte Carlo simulation, a batch is a single realization of a tally random
variable. In the simulation both the number of batches as well as the number of
particles per batch must be specified.
5. Results and discussion

The time dependence in neutron transport, including b-delayed
neutron emission from individual precursors, was added to the
original OpenMC code. Then the modified version of the code,
called Time-Dependent OpenMC or OpenMC(TD), was tested in a
system consisting of a rectangular box of 10 cm � 12 cm � 20 cm,
surrounded by vacuum. For the first test, the system was made
monoenergetic and 1-group precursor was used. Here, three cases
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were studied: subcritical, critical and a case where reactivity was
inserted into the system. For the second test, the systemwas made
energy dependent, studying a fast unmoderated 235U system,
where two configurations were studied and discussed: subcritical
and supercritical. For the final tests, the fast unmoderated 235U
system was surrounded with light-water, thus studying a moder-
ated energy dependent system, and different precursor structures
were used. Computer simulations were run at CSICCIAN (Spanish
acronym for Simulation and Calculation Center for Nuclear Sciences
and Applications) clusters from the Chilean Nuclear Energy
Commission.

5.1. Monoenergetic fissile system with 1-group precursor structure

The division of the simulation in discrete time intervals, scoring
of time dependent quantities, precursor forced decay and popula-
tion control, were tested in a monoenergetic system, characterized
by the parameters shown in Table 3. These tests had the objective of
laying the groundwork to study the delayed neutron emission from
individual precurors for transient simulations with OpenMC(TD).
Before performing transient simulations with OpenMC(TD), a non-
transient standard criticality calculation was done using OpenMC
with 106 neutrons, 3000 batches1 and 200 skipped cycles, to obtain
the effective multiplication factor, which was keff ¼ 1.00010(3).
After this calculation, the initial transient source was created as
described in Sec. 4.4, with 105 neutrons and 9 � 105 precursors. In
this section the inputs were the macroscopic cross section Sa,
which were modified accordingly to produce reactivity changes in
the monoenergetic fissile system. Output values (i.e., observables)
were the effective multiplication factor keff, and the time evolution
of the neutron population n(t), which were compared with point
kinetics calculations. Additional criticality calculations performed
in Section 5.1.1 and Section 5.1.2 were run with 106 neutrons, 3000
batches and 200 skipped cycles.

5.1.1. Subcritical configuration
The monoenergetic system was made subcritical by increasing

the absorption cross section from Sa ¼ 0.5882 cm�1 to
Sa ¼ 0.5952 cm�1, while keeping the total cross section St constant,
thus obtaining an effective multiplication factor keff ¼ 0.98821(3).
This increase in the absorption cross section Sa is analog to
reducing the fissile material density of the system. This simulation
was executed with 60 batches, and the total simulation time was
50 s, divided in 500 time intervals of 100 ms. At the end of each
time interval population control was applied. Results obtained by
using OpenMC(TD) are shown in blue in Fig. 3, while the point
kinetic solution for the time evolution of the neutron population is
shown in red (see Eq. (16)). Explicitly, the point kinetic solutionwas

nðtÞ ¼ n0
h r

r� b
exp

�r� b

L
t
�
� b

r� b
exp

�
� lr

r� b
t
� i

; (16)

where n(t) is the neutron population at time t, n0 is the neutron
population at t ¼ 0, r is the system reactivity, b is the delayed
neutron fraction, L is the neutron generation time and l is the
decay constant. From Fig. 3 can be seen that the neutron population
as a function of time calculated using transient Monte Carlo code
OpenMC(TD) and point kinetics solution are equivalent. Quantita-
tively, from Fig. 3 the reactivity r can be obtained as a fitted
parameter from the point kinetics equation (see Eq. (16)). This



Fig. 1. Diagram explaining the application of the combing method for 4 particles of total weight W combed into M ¼ 3. The particles kept by the comb are particle 1, particle 3 and
particle 4, each with weight W/3, preserving the total weight W.

Fig. 2. Diagram explaining the application of the combing method for 4 particles of total weight W combed into M ¼ 6. The particles kept by the comb are particle 1, particle 2,
particle 3 (�2), and particle 4 (�2), each with weight W/6, preserving the total weight W.

Table 3
Parameters and material cross sections of the monoenergetic system.

Parameter beff l n St Sf Sa Ss v

(s�1) (cm�1) (cm�1) (cm�1) (cm�1) (cm s�1)

Value 0.00685 0.0784 2.5 1.0 0.25 0.5882 0.4118 2.2 � 104

Fig. 3. (Color online). Neutron population as a function of time for a monoenergetic
system in a subcritical configuration (keff ¼ 0.98821(3) obtained using OpenMC(TD).
Result is compared to the analytical solution obtained from point kinetics equations.
(For interpretation of the references to color in this figure legend, the reader is referred
to the Web version of this article.)
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fitted reactivity rfit ¼ �0.01191(1) was compared to the reactivity
obtained from the criticality calculation r ¼ (keff � 1)/
keff ¼ �0.01193(3).

5.1.2. Slightly supercritical configuration
Afterwards, the codewas used to study the transient behavior in

a slightly supercritical configuration, with keff ¼ 1.00010(3). Total
simulation time was 25 s, divided in 250 time intervals of 100 ms
each, and 4 batches were used. The combingmethodwas applied at
the end of each time interval. Results obtained by using
OpenMC(TD) are shown in blue in Fig. 4, where it can be seen that
the neutron population as a function of time calculated using
transient Monte Carlo simulation with OpenMC(TD) and point ki-
netics solution (see Eq. (16)) are equivalent. Neutron population
remains practically constant, as it is expected for a system close to
criticality. Quantitatively, from Fig. 4 the reactivity r can be ob-
tained as a fitted parameter from Eq. (16). This fitted reactivity
rfit ¼ 0.00014(1) was compared to the reactivity obtained from the
criticality calculation r ¼ (keff � 1)/keff ¼ 0.00010(3).

5.1.3. Reactivity insertion
The last case studied for the monoenergetic system was a

reactivity insertion. The system started slightly supercritical at
t ¼ 0, then at t ¼ 10 s, Sa was reduced from Sa ¼ 0.5882 cm�1 to
Sa¼ 0.5870 cm�1, thus increasing the system reactivity by 211 pcm,
making the configuration supercritical. At t ¼ 40 s the system is
brought back to Sa ¼ 0.5882 cm�1. The final state corresponds to a
slightly supercritical configuration. Total simulation time was 50 s,
divided in 5000 time intervals of 10 ms each, and 25 batches were
used. The combing method was applied at the end of each time
interval. Results obtained by using OpenMC(TD) are shown in blue
in Fig. 5, where it can be seen that the neutron population as a
function of time calculated using transient Monte Carlo simulation
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with OpenMC(TD) and point kinetics solution from Eq. (16) are
equivalent.
5.2. Energy-dependent 235U system

After OpenMC(TD) was tested in the monoenergetic system
described in the previous section, the next study was testing the
code in a system with continuous, energy-dependent cross sec-
tions. The objective was to test the capabilities of the code in a
model with increased complexity, while keeping it simple enough
to compare its results to the ones from point kinetics model. To
achieve this, the material of the box from the preceding sectionwas
made of pure 235U, using continuous cross sections from JEFF-3.1.1



Fig. 5. (Color online). Neutron population as a function of time for a monoenergetic
system obtained using OpenMC(TD). The system is initially in a slightly supercritical
configuration, then, at t ¼ 10 s a reactivity of 211 pcm is inserted. After 30 s the system
is brought back to its initial slightly supercritical configuration. (For interpretation of
the references to color in this figure legend, the reader is referred to the Web version of
this article.)
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[25] nuclear data library and this box was surrounded by vacuum.
Before performing transient simulations with OpenMC(TD), a non-
transient standard criticality calculation was done using OpenMC
with 106 neutrons, 5000 batches and 300 skipped cycles, to obtain
the effective multiplication factor, which was keff ¼ 1.00015(3).
After this calculation, the initial transient source was created, with
105 neutrons and 9� 105 precursors. This transient sourcewas used
in subcritical and supercritical configurations in order to start the
transient simulation. In this section the input was the density of
fissile material, represented by nU235, because to simulate a reac-
tivity insertion, the density of fissile material was changed, keeping
the dimensions of the box constant. Output values (i.e., observ-
ables) were the effective multiplication factor keff, and the time
evolution of the neutron flux f(t). To calculate L and beff, a simu-
lation in MCNP was performed, because this code can estimate
these parameters using the weighted adjoint flux. These two
quantities were the compared with the fitted parameters from
point kinetics solutions. Continuous energy cross sections used for
MCNP simulations were from JEFF-3.1.1 [25] nuclear data library.
Additional criticality calculations performed in Section 5.2.1 and
Section 5.2.2 were run with 106 neutrons, 3000 batches and 200
skipped cycles. In this section, six cases with different precursor
structures were studied for a subcritical and for a supercritical
system. A summary of these studies is shown in Table 4, where the
notation for the delayed neutron energy is as follows: c1(E) corre-
sponds to energy sampled from the first group spectrum from JEFF-
3.1.1, E1g refers to the average energy from the first group from JEFF-
3.1.1, E6g uses the average energy from 6 precursor group structure
from ENDF-B/VIII.0, c(E) corresponds to the energy sampled from
spectra, and Ei refers to average energy for each group or individual
precursor. In this article only one case is shown, but all cases are
described in further detail in the corresponding author’s PhD thesis
[6,7], where in summary, discrepancies were found in the value
obtained for the effective delayed neutron fraction using JEFF-3.1.1
and ENDF-B/VIII.0 nuclear libraries, which shows the relevance of
appropriate nuclear data for individual precursors.
5.2.1. Subcritical configuration
The system was made subcritical by decreasing the fissile ma-

terial density from nU235 ¼ 4.496 � 10�2 (atoms/b cm) to
nU235 ¼ 4.4362 � 10�2 (atoms/b cm), while keeping the box di-
mensions constant, thus making the effective multiplication of the
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Fig. 4. (Color online). Time evolution of the neutron population for a monoenergetic syste
compared to the analytical solution from the point kinetics equations. (For interpretation of
this article.)
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system keff ¼ 0.98956(3). Total simulation time was 0.1 ms, divided
in 1000 time intervals of 100 ns each, and 22 batches were simu-
lated. The combing method was applied at the end of each time
interval to control the particle population. Results obtained by us-
ing OpenMC(TD), for the case when the average energy from JEFF-
3.1.1 was used, are shown in blue in Fig. 6, while the fit obtained by
adjusting the results to the point kinetics solution are shown in red.
From Fig. 6 the prompt drop can be observed for the first 5 ms, and
then for t > 5ms the neutron flux decay stabilizes. From a quanti-
tative point of view, fitted effective neutron generation time ob-
tained was Lfitted ¼ 5.45(1) ns. MCNP obtained value was
LMCNP ¼ 5.74(1) ns, giving a � 5:1% difference between both
quantities. The fitted effective delayed neutron fraction obtained

was b
ðfittedÞ
eff ¼ 0:00666ð1Þ. MCNP obtained value was b

ðMCNPÞ
eff ¼

0:00644ð6Þ, giving a � 2:8% difference between both quantities.
5.2.2. Supercritical configuration
The system was made supercritical by increasing the fissile

material density from nU235 ¼ 4.496 � 10�2 (atoms/b cm) to
nU235 ¼ 4.511 � 10�2 (atoms/b cm), while keeping the box
15 20 25
Time [s]

OpenMC(TD)
Point kinetics

m in a critical configuration (keff ¼ 1.00010(3) obtained using OpenMC(TD)). Result is
the references to color in this figure legend, the reader is referred to the Web version of



Fig. 6. (Color online). Neutron flux as a function of time in the studied subcritical
configuration for Case 1. Initial transient source is prepared in a critical state and at the
beginning of the transient Monte Carlo simulation using OpenMC(TD), the system is
made subcritical by decreasing nU235. Time evolution of the neutron flux scored by
OpenMC(TD) is shown in blue, while the fit obtained is shown in red. Between 0 < t < 5
ms the prompt drop can be observed, and then the decay of the neutron population
slows. (For interpretation of the references to color in this figure legend, the reader is
referred to the Web version of this article.)

Fig. 7. (Color online). Neutron flux as a function of time in the studied supercritical
configuration for Case 1. Initial transient source is prepared in a critical state and at the
beginning of the transient Monte Carlo simulation using OpenMC(TD) the configura-
tion is made supercritical by increasing nU235. Time evolution of the neutron flux
scored with OpenMC(TD) is shown in blue, while the fit obtained is shown in red.
Between 0 < t < 1 ms the prompt jump can be observed, an then the neutron popu-
lation growth slows. (For interpretation of the references to color in this figure legend,
the reader is referred to the Web version of this article.)

Table 5
Effective multiplication factors obtained for the 4.29 cm thickness water thermal-
ized 235U cube. Results are shown for 6-group structure and 50 individual
precursors.

6-Groups 50 precursors Difference

keff 1.00025(3) 1.00032(3) 7(4)
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dimensions constant, thus making the effective multiplication of
the system keff ¼ 1.00271(3). Total simulation time was 0.1 ms,
divided in 1000 time intervals of 100 ns each, and 22 batches were
simulated. The combing method was applied at the end of each
time interval to control the particle population. Results obtained by
using OpenMC(TD), for the case when the average energy from
JEFF-3.1.1 was used, are shown in blue in Fig. 7, while the fit ob-
tained by adjusting the results to the point kinetics solution are
shown in red. From Fig. 7 the prompt jump can be observed for the
first 1 ms, and then for t > 1ms the neutron flux growth stabilizes.
From a quantitative point of view, fitted effective neutron genera-
tion time obtained was Lfitted ¼ 5.45(1) ns. MCNP obtained value
was LMCNP ¼ 6.00(1) ns, giving a difference of 9.2% between both
quantities. The fitted effective delayed neutron fraction obtained

was b
ðfittedÞ
eff ¼ 0:00666ð1Þ. MCNP obtained value was b

ðMCNPÞ
eff ¼

0:00651ð6Þ, giving a difference of 2.3% between both quantities.
Regarding the differences between fitted and calculated mean

generation times, it can bementioned thatMCNP calculatesL using
the adjoint weighted flux, while in this work L is fitted to point
kinetics equation. Although this approximation might be reason-
able given the simple geometry under study, some differences
could still be expected to arise. To explore if these differences are
related to how far from criticality the system is, mean generation
times were calculated for the slightly supercritical system of Sec-
tion 5.3. MCNP obtained value was LMCNP ¼ 3.43(2)ms, while fitted
generation time was Lfitted ¼ 3.52(3)ms, giving a difference of 2.9%,
similar to the differences found for the subcritical and critical sys-
tem. This suggests that these differences might not be related to the
criticality state of the system, but instead could be related to the
point kinetic assumption made to calculate L as a fitted parameter.
To further explore this topic, additional research would be needed,
which is not directly related to the purpose of this work.

5.3. Light-water moderated energy dependent system with
individual precursor structure

The system studied in the preceding sectionwas thermalized by
surrounding the 235U box with light-water. b-delayed neutron
emission was simulated by individual precursors and results ob-
tained were compared when emission is from 6-group precursor
structure. The objective was to increase the complexity of the
system and to study the time evolution of the neutron flux when
using different precursor structures. Specifically, comparisons
where made using the 6-group structure and 50 individual pre-
cursors, such as effective multiplication system keff, and neutron
flux as a function of time in a transient simulation. As a final study
the 10most important precursors were removed from the list of the
50 individual precursors used previously, thus keeping 40 indi-
vidual precursors. The objective of this test was to study the effect
of the removal of these precursors on the time evolution of the
neutron flux. The configuration was surrounded by a 4.29 cm-
thickness light-water moderator and made slightly supercritical by
setting the 235U density to nU235 ¼ 3.2671 � 10�2 (atoms/b cm).
Table 4
Studies performed in the corresponding author PhD thesis [6,7] with different
precursor structures and nuclear databases for the235U system.

Case Precursor structure Delayed neutron energy Library

1 1-group c1(E) JEFF-3.1.1
2 1-group E1g JEFF-3.1.1
3 1-group E6g ENDF-B/VIII.0
4 8-group c(E) JEFF-3.1.1
5 6-group Ei ENDF-B/VIII.0
6 50 individual Ei ENDF-B/VIII.0
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Continuous energy cross section used were from JEFF-3.1.1. The
dimensions of the box were not changed. Prior to transient simu-
lations, a non-transient standard criticality calculation was run
with 106 neutrons, 5000 batches and 300 skipped cycles using
OpenMC, obtaining an effective multiplication keff ¼ 1.00025(1). In
this section the code input were the density of fissile material,
denoted as nU235, the delayed neutron energy and the number of
precursors used (50 or 40). Reactivity was inserted by changing the
density of the fissile material. Output values (observables) were the
effective multiplication factor keff and the time evolution of the
neutron flux f(t). Given that this is not a 1-group precursor prob-
lem, there are not analytical solutions to the point kinetics



Fig. 8. (Color online). Neutron flux as a function of time in a water moderated box
made of pure 235U, simulated with OpenMC(TD). Results for 6 groups are shown in
blue, and results for 50 individual precursors are shown in red. Both results show a
slightly supercritical system, where neutron flux increases slowly in time, consistent
with the keff of a near critical configuration. (For interpretation of the references to
color in this figure legend, the reader is referred to the Web version of this article.)

Table 6
Results obtained for the reactivity of the water moderated energy dependent
simulated system in a critical configuration using 6-group and 50 individual pre-
cursor structure. Uncertainties for rfit were obtained from fit.

6-Group structure 50 individual structure

r [pcm]. 25(3) 32(3)
rfit [pcm]. 17(2) 35(2)

Fig. 9. (Color online). Neutron flux as a function of time in a water moderated box
made of pure 235U, simulated with OpenMC(TD). Result when using 6 groups are
shown in blue. Results obtained when 50 individual precursors are used are shown in
red, while results obtained when using 40 precursors are shown in green. Time evo-
lution of the neutron flux calculated using 40 precursors clearly diverges from the
previous results, showing a faster growth of the neutron flux. (For interpretation of the
references to color in this figure legend, the reader is referred to the Web version of
this article.)

Table 7
Reactivity of the water moderated energy dependent simulated system in a critical
configuration using 6-group, 50 individual and 40 individual precursor structures.

6-Group structure 50 individual structure 40 individual

Structure

rfit [pcm]. 17(2) 35(2) 111(2)
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equations, but resorting the point kinetics approximation, a good
estimate to the asymptotic decay constant for the neutron flux [1]
can be found using the equation

aD ¼ lr

beff � r
; (17)

where aD is the asymptotic decay constant, l is the average b-
weighted decay constant,2 beff is the effective delayed neutron
fraction and r is the reactivity of the system. With respect to the
2 The average b-weighted decay constant is given by l ¼ P bi
b
li
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choice of the delayed neutron fraction, the average delayed neutron
yield obtained when using data from JEFF-3.1.1 is nd ¼ 1.48 � 10�2,
while the value obtained when using ENDF/B-VIII.0 is
nd ¼ 1.90 � 10�2. Taking the average neutron yield as n ¼ 2.4355
[31], then the delayed neutron fraction, b ¼ nd/n, ranges from
b ¼ 607 pcm to b ¼ 780 pcm. Considering this, the value for the
delayed neutron fraction was chosen to be beff ¼ 700 pcm. The

decay constant was l ¼ 0:0784 s�1. In this study, the reactivity of
the system was obtained as a fitted parameter, and then compared
to the reactivity obtained from the initial non-transient criticality
calculation, r ¼ (keff � 1)/keff.
5.3.1. Criticality calculation using individual precursors
Since before every transient simulation with OpenMC(TD), a

non-transient, steady state criticality calculation with OpenMC
must be performed to asses the reactivity of the system and to
create the initial transient source, and given that during the writing
of this article there are no codes that are able to perform a criticality
calculation using individual precursors as the source of b-delayed
neutron emission, in this work criticality calculations using indi-
vidual precursors instead of the group structure was also imple-
mented in OpenMC(TD). A slightly supercritical system was
obtained when the 235U density was nU235 ¼ 3.2671 � 10�2 (atoms/
b cm) obtaining keff ¼ 1.00025(3) for the 6-group structure and
keff ¼ 1.00032(3) for the 50-individual precursor structure. These
criticality calculations were run with 106 neutrons, 2050 batches
and 50 skipped cycles. Results obtained using the 6-group structure
and 50 individual precursors are shown in Table 5. The effective
multiplication factor obtained for this system shows that this is a
slightly supercritical configuration and both results are in good
agreement with each other, with a difference of 7 pcm between
them.
5.3.2. Slightly supercritical configuration with 50 individual
precursor structure

OpenMC(TD) was used to study the behavior of the slightly
supercritical configuration, comparing the time evolution of the
neutron flux obtained when 6-group and 50 individual precursor
structures were used. For both simulations the total simulation
time was 4 s, divided in 400 time intervals of 10 ms each, and 2
batches were used. The combing method was applied at the end of
each time interval. Wall-clock time for the 6-group precursor
simulation was about 260 h, while for the 50 individual precursor
simulation was about 411 h. In Fig. 8, results obtained by using
OpenMC(TD) are shown in blue for the 6-group structure and in red
for 50 individual precursor structure. From Fig. 8 it can be seen that
both results show a slightly supercritical system, with a slow in-
crease of the neutron flux. This is consistent with the close-to-
critical effective multiplication factor previously obtained.

Quantitatively, the reactivity r can be obtained as a fitted
parameter of fðtÞ � e�aDt for both 6-group and 50 individual pre-

cursor structure. These fitted reactivity values, rð6Þfit ¼ 0:00017ð2Þ
and r

ð50Þ
fit ¼ 0:00036ð2Þ, were compared to the reactivity obtained

from OpenMC(TD) criticality calculation,



J. Romero-Barrientos, F. Molina, J.I. M�arquez Dami�an et al. Nuclear Engineering and Technology 55 (2023) 1593e1603
rð6Þ ¼ ðkð6Þeff �1Þ=kð6Þeff ¼ 0:00025ð3Þ and rð50Þ ¼ ðkð50Þeff � 1Þ= kð50Þeff ¼
0:00032ð3Þ. Table 6 shows a summary of results obtained.

5.3.3. Slightly supercritical configuration without the 10 most
important precursors

Finally, OpenMC(TD) was used to study the same slightly su-
percritical configuration, but in this case the 10 precursors with the
largest importances Ii were removed from the previous list of 50
individual precursors, to study the impact of this removal on the
neutron flux as a function of time. This implies that a 40 individual
precursor structure was used in this calculation. Total simulation
time was 4 s, divided in 400 time intervals of 10 ms each, and 2
batches were used. The combing method was applied at the end of
each interval. Wall-clock time for this simulation was about 320 h.

In Fig. 9 results obtained by OpenMC(TD) are shown in blue for
the 6-group structure, in red for the 50 individual precursor
structure and in green for the 40 individual precursor structure. In
this case it can be seen that the neutron flux as a function of time
obtained when using 40 individual precursors diverges from the
previous results. This is because by removing the 10 most impor-
tant precursors the number of delayed neutrons emitted decreases,
thus the period of the fissile system decreases. This larger deviation
from criticality when 40 precursors are used as b-delayed emitters,
can be quantified by calculating the fitted reactivity. In fact, the
value for the reactivity was r40 ¼ 0.00111(2), showing that this
system is no longer slightly supercritical, but supercritical. A sum-
mary of results obtained can be seen in Table 7, where results for
the 6-group and 50 individual precursor structures are also shown
for completeness.

6. Summary and conclusions

This work presented the methodology to include the time
dependence related to b-delayed neutron emission from individual
precursors in the Monte Carlo code OpenMC. This modified code
was denominated OpenMC(TD) or Time-Dependent OpenMC.
Related to the b-delayed neutron emission, features implemented
in OpenMC(TD) were: neutron time labeling and tracking, moni-
toring of time dependent tallies in the simulation, division of total
simulation time in time intervals, a new precursor particle, forced
decay of precursors in each time interval, population control at the
end of each time interval using the combing method and transient
source routine to initialize transient simulations. As for the delayed
emission from individual precursors in OpenMC(TD), it was
included: individual precursor properties from nuclear databases
were included in a quantity called importance, grouped or indi-
vidual precursor treatment, and the capability to perform criticality
calculations using individual precursors. To test OpenMC(TD) and
to approach the transient modeling of neutron transport in a
experimental nuclear reactor, a fissile system was simulated.
Different observables obtained with OpenMC(TD) such as reactivity
r, effective delayed neutron fraction beff, and prompt generation
time L, where compared with calculated results, either with exact
point kinetic solutions or asymptotic decay constant aD.

In the case of the monoenergetic systemwith 1-group precursor
structure, differences between OpenMC(TD) and the compared
results using point kinetics equations were within the error of the
point kinetics result.

In the case of the energy dependent 235U system, total simula-
tion time was 100 ms, with time intervals of 100 ns, describing
neutron flux prompt changes (prompt drop or prompt jump for the
subcritical or supercritical configuration, respectively) within the
first 10ms. Both total simulation time and time interval chosen for
these cases were adequate to properly describe the neutron flux
1602
transient behaviour in these systems.
In the case of the light-water moderated energy dependent 235U

system, criticality calculation shows that it is a slightly supercritical
system. The effective multiplication factors obtained using the 6-
group structure and 50 individual precursors are in good agree-
ment with each other. Regarding the transient calculations, results
obtained using 6-group and 50 individual precursors show a
slightly supercritical system, which is consistent with the previous
criticality calculation.When the same system is simulated, but with
the 10 most important precursors removed, the fitted reactivity
shows a supercritical system, due to the decrease of the period of
the fissile system.

Regarding the improvement of results, this can be achieved by
running longer simulation times, by applying to computing time in
a supercomputer facility or by implementing a branchless fission
scheme in OpenMC(TD). Nevertheless, OpenMC(TD) has the po-
tential as a Monte Carlo tool to explore how precursor data from
nuclear databases impacts on results obtained in fissile systems. In
that sense, OpenMC(TD) could become a reliable tool to prompt
new experimental data on individual b-delayed neutron emitters.
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