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a b s t r a c t

This work presents the methodology used to expand the capabilities of the Monte Carlo code OpenMC for
the calculation of reactor kinetic parameters: effective delayed neutron fraction beff and neutron gen-
eration time L. The modified code, OpenMC(Time-Dependent) or OpenMC(TD), was then used to
calculate the effective delayed neutron fraction by using the prompt method, while the neutron gen-
eration time was estimated using the pulsed method, fitting L to the decay of the neutron population.
OpenMC(TD) is intended to serve as an alternative for the estimation of kinetic parameters when
licensed codes are not available. The results obtained are compared to experimental data and MCNP
calculated values for 18 benchmark configurations.
© 2021 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 determination of the effective delayed neutron fraction beff,
and the mean neutron generation time L, play a key role in reactor
kinetics. beff and L values indicate the safe reactor operation limits
for a given fuel, and the prompt neutron lifetime depending on the
fuel burnup, respectively. The estimation of these quantities re-
quires calculating the adjoint neutron flux or taking into account
the system time-dependence. One way to achieve the former is by
using Monte Carlo transport code MCNP [1], while the latter re-
quires the time monitoring of neutron population. There has been
several efforts to include time dependence for transient analysis in
Monte Carlo codes such as McCARD [2], Serpent [3], MCNP [4], and
added capabilities to OpenMC [5]. In this work the open source
ergía Nuclear, Nueva Bilbao,

ientos).

by Elsevier Korea LLC. This is an
Monte Carlo code OpenMC [6] was modified to explicitly include
time-dependency, so kinetic parameters can be estimated. The
modified code was named Time-Dependent OpenMC or
OpenMC(TD). The code was tested against eighteen benchmarks,
where the models were taken from the ICSBEP International
Handbook of Evaluated Criticality Safety Benchmark Experiments [7],
while the benchmark results were taken from the literature [8].
These benchmarks range from the Godiva bare sphere system to the
RA-6 open pool research reactor, comparing the measured kinetic
parameters with calculated values using MCNP and OpenMC(TD).
The aim of this work is to show an alternative way to obtain nuclear
reactor kinetic parameter values using an open source Monte Carlo
code.
2. OpenMC Monte Carlo code

The Monte Carlo code OpenMC [6] is a relatively new, open-
source code for particle transport. This code is capable of simu-
lating neutron transport in fixed source, k-eigenvalue, and
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Table 1
Description of benchmarks studied in this work.

Case Case Case Benchmark

number name description data

1 Godiva Bare and homogeneous sphere of highly enriched uranium. keff, beff
2 Jezebel-Pu Bare and homogeneous sphere of plutonium. keff, beff
3 Skidoo Bare sphere of U-233. keff, beff
4 Topsy Highly enriched uranium sphere surrounded by a natural uranium reflector. keff, beff
5 Popsy Plutonium sphere surrounded by a natural uranium reflector. keff, beff
6 Flattop23 U-233 sphere surrounded by a natural uranium reflector. keff, beff
7 BigTen Intermediate enriched uranium cylindrical core surrounded by a natural uranium reflector. keff, beff
8 ZPR-U9 Cylindrical assembly of uranium metal with a depleted uranium reflector. keff, beff
9 SNEAK-7A Unmoderated PuO2/UO2 core with a depleted uranium reflector. keff, beff
10 SNEAK-7B Unmoderated PuO2/UO2 core with a depleted uranium reflector. keff, beff
11 TCA Light water moderated low enriched UO2 core in tank-type critical assembly. keff, beff
12 Stacy-029 Water-reflected cylindrical tank with uranyl nitrate solution. keff, aR
13 Stacy-033 Water-reflected cylindrical tank with uranyl nitrate solution. keff, aR
14 Stacy-046 Water-reflected cylindrical tank with uranyl nitrate solution. keff, aR
15 Stacy-030 Unreflected cylindrical tank with uranyl nitrate solution. keff, aR
16 Stacy-125 Water reflected slabs of enriched uranyl nitrate solution. keff, aR
17 RA-6 (Case 1) Intermediate enriched uranium open pool research reactor. Water reflected configuration. keff
18 RA-6 (Case 2) Intermediate enriched uranium open pool research reactor. Graphite reflected configuration. keff, aR

Table 2
Results obtained for the effective multiplication factor. keff was calculated using MCNP6 and OpenMC(TD). Both uncertainties and differences are in pcm.

Case Case keff keff keff keff difference (pcm) keff difference (pcm) keff difference (pcm)

N� name exp. MCNP OpenMC(TD) Exp. - MCNP Exp. - OpenMC(TD) MCNP - OpenMC(TD)

1 Godiva 1.00000(100) 0.99977(5) 0.99976(5) 23(100) 24(100) 1(7)
2 Jezebel-Pu 1.00000(200) 0.99991(5) 0.99985(5) 9(200) 15(200) 6(6)
3 Skidoo 1.00000(100) 0.99991(5) 0.99991(5) 9(100) 9(100) 0(6)
4 Topsy 1.00100(130) 1.00156(5) 1.00156(6) �56(130) �56(130) 0(8)
5 Popsy 1.00000(300) 1.00102(5) 1.00096(6) �102(300) �96(300) 6(8)
6 Flattop23 1.00000(140) 0.99880(5) 0.99875(6) 120(140) 125(140) 5(8)
7 BigTen 1.00490(80) 1.00461(5) 1.00462(5) 29(80) 28(80) �1(6)
8 ZPR-U9 0.99540(240) 0.99625(5) 0.99623(5) �85(240) �83(240) 2(6)
9 SNEAK-7A 0.99980(350) 1.00322(5) 1.00310(6) �342(350) �330(350) 12(7)
10 SNEAK-7B 1.00010(400) 0.99904(5) 0.99943(5) 106(400) 67(400) �39(6)
11 TCA 1.00000(200) 0.99999(5) 1.00015(6) 1(200) �15(200) �16(7)
12 Stacy-029 0.99990(90) 1.00141(5) 1.00210(5) �151(90) �220(90) �69(6)
13 Stacy-033 0.99990(90) 0.99707(5) 1.00002(5) 283(90) �12(90) �295(6)
14 Stacy-046 0.99990(100) 1.00170(5) 1.00226(5) �180(100) �236(100) �56(6)
15 Stacy-030 0.99730(90) 0.99705(5) 0.99824(5) 25(90) �94(90) �119(6)
16 Stacy-125 0.99940(140) 1.00498(5) 1.00611(5) �558(140) �671(140) �113(6)
17 RA-6 (Case 1) 1.00160(140) 1.00108(9) 1.00132(10) �191(250) 28(140) �24(13)
18 RA-6 (Case 2) 1.00260(250) 1.00451(9) 1.00589(10) 52(140) �329(250) �138(13)

Table 3
Results obtained for the effective delayed neutron fraction. Effective delayed neutron fractions, statistical uncertainties and differences are in pcm.

Case Case beff beff beff beff difference beff difference beff difference

N� Name Exp. MCNP OpenMC(TD) Exp. - MCNP Exp. - OpenMC(TD) MCNP - OpenMC(TD)

1 Godiva 659(10) 660(7) 633(7) �1(12) 26(12) 27(10)
2 Jezebel-Pu 194(10) 190(4) 181(7) 4(11) 13(12) 9(8)
3 Skidoo 290(10) 297(5) 293(7) �7(11) �3(12) 4(9)
4 Topsy 665(13) 686(5) 688(8) �21(14) �23(16) �2(10)
5 Popsy 276(7) 279(5) 280(8) �3(9) �4(11) �1(10)
6 Flattop23 360(9) 360(5) 357(8) 0(10) 3(12) 3(10)
7 BigTen 720(7) 711(7) 696(7) 9(10) 24(10) 15(10)
8 ZPR-U9 725(17) 722(7) 700(7) 3(18) 25(18) 22(10)
9 SNEAK-7A 395(12) 361(5) 319(8) 34(13) 76(14) 42(9)
10 SNEAK-7B 429(13) 411(6) 374(7) 18(14) 55(15) 37(9)
11 TCA 771(7) 765(6) 766(10) 6(9) 5(12) �1(12)
12 Stacy-029 � 730(6) 713(8) � � 17(10)
13 Stacy-033 � 719(6) 718(8) � � 1(10)
14 Stacy-046 � 718(6) 709(8) � � 9(9)
15 Stacy-030 � 732(6) 736(8) � � �4(10)
16 Stacy-125 � 753(7) 753(8) � � 0(10)
17 RA-6 (Case 1) � 764(11) 746(14) � � 18(18)
18 RA-6 (Case 2) � 741(11) 769(14) � � �28(18)
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Fig. 1. Time evolution of the normalized neutron flux obtained using OpenMC(TD) for
the benchmark Stacy-029. The time evolution of the neutron flux is shown in blue,
while the fit obtained is shown in red. L value obtained from the fit is also shown. (For
interpretation of the references to colour in this figure legend, the reader is referred to
the Web version of this article.)

Fig. 2. Time evolution of the normalized neutron flux obtained using OpenMC(TD) for
the benchmark RA-6 case 2. The time evolution of the neutron flux is shown in blue,
while the fit obtained is shown in red. L value obtained from the fit is also shown. (For
interpretation of the references to colour in this figure legend, the reader is referred to
the Web version of this article.)
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subcritical multiplication problems. The code supports both
continuous-energy and multigroup cross sections. OpenMC esti-
mates 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 [9]
and is generated from ACE files produced by NJOY [10]. This code is
open source, and its license allows to modify the source code to
develop and add new capabilities. An example of this last point is
the many number of publications associated to the code, covering
topics and developments such as benchmarking [11], coupling and
multi-physics [12], geometry and visualization [13], multigroup
cross section generation [14], doppler broadening [15], nuclear data
[16], parallelism [17], depletion [18] and sensitivity analysis [19].
3. Methodology

3.1. Addition of time-dependent capabilities to OpenMC

In a stationary Monte Carlo transport simulation, time is not
explicitly present and for the same reason, quantities that change in
time cannot be directly obtained. Consequently, the first step to
include time explicitly in a Monte Carlo simulation was adding a
new label t to the particles, serving as a clock, which value was
updated using the kinetic energy and the distance traveled by the
neutron between any interaction. This timewas set to zero (t¼ 0) at
the beginning of the simulation, i.e. when the first particle is
emitted from the source, and it was updated while the particle was
transported through the geometry of the simulation. After adding
the time label to the simulation and in order to account the
measured quantities in time, the OpenMC talliesweremodified and
a new time filter was included. This filter added the capability to
monitor the time evolution of any of the tallies already present in
the code. This capability allows to tally, for example, neutron flux as
a function of time. The user can define the length and number of the
time intervals as desired. This was implemented as the first part of
the work developed during the corresponding author's PhD thesis
[20], using the version of OpenMC 0.10, written in Fortran. The
current version of OpenMC is 0.12.2, written in Cþþ.
3.2. Effective delayed neutron fraction beff

The effective delayed neutron fraction is defined as the ratio
between the adjoint neutron flux and the spectrum weighted
813
number of fissions induced by delayed neutrons and number of
fissions induced by all neutrons,

beff ¼
ð
fyðr⃗; E;U

⃗
ÞcdðEÞbnðEÞSf ðr

⃗
; EÞfðr⃗; E;U

⃗
ÞdEdU

⃗
dr
⃗

ð
fyðr⃗; E;U

⃗
ÞcðEÞnðEÞSf ðr

⃗
; EÞfðr⃗; E;U

⃗
ÞdEdU

⃗
dr
⃗
;

(1)

where f is the neutron flux, fy is the adjoint neutron flux, r
⃗
is the

neutron position, E is the neutron energy, U
⃗
is the neutron direc-

tion, cd(E) the delayed neutron energy spectrum, c(E) the fission
neutron energy spectrum, b the delayed neutron fraction, n(E) is the
average number of neutrons released per fission, and Sf is the
macroscopic fission cross section. MCNP can calculate the effective
delayed neutron fraction, Rossi-a and neutron generation time
values using the iterated fission probability method, computing
adjoint-weighted tallies in criticality calculations [21].

As it can be seen in Eq. (1), formally the adjoint neutron flux is
needed to estimate beff, but in this work, the effective delayed
neutron fractionwas calculated using the promptmethod [22]. This
method estimates the value of beff by:

beff � 1� kp
keff

; (2)

where keff is the effective multiplication factor obtained from a
criticality calculation, and kp is the effective multiplication factor
obtained without taking into account the delayed neutrons
contribution. With the prompt method the adjoint neutron flux is
not needed to calculate beff. Thus, criticality calculation without
delayed neutrons was added as a new capability to OpenMC(TD).
This enabled the estimation of beff by running a criticality calcula-
tion for keff and other for kp.
3.3. Mean neutron generation time L

Another important kinetic parameter to characterize the dy-
namics of a nuclear reactor is the mean neutron generation time,L,
defined as

L ¼ l
k
; (3)

where l is the prompt neutron lifetime and k is the multiplication
factor. This means thatL is the time between the birth of a neutron



Table 4
Results obtained for the prompt generation times. Effective prompt generation times, statistical uncertainties and differences are in seconds and the scaling factor is given in
the last column.

Case Case L L L difference Scaling

Number Name MCNP OpenMC(TD) MCNP6 - OpenMC(TD) Factor

1 Godiva 5.689(8) 5.699(95) �0.010(100) � 10�9

2 Jezebel-Pu 2.874(4) 2.879(60) �0.005(60) � 10�9

3 Skidoo 2.744(4) 2.760(18) �0.016(18) � 10�9

4 Topsy 1.791(4) 1.936(6) �0.145(7) � 10�8

5 Popsy 1.323(4) 1.394(8) �0.071(9) � 10�8

6 Flattop23 1.258(4) 1.330(7) �0.073(8) � 10�8

7 BigTen 6.134(4) 6.338(10) �0.204(11) � 10�8

8 ZPR-U9 8.669(12) 8.862(41) �0.193(43) � 10�8

9 SNEAK-7A 1.875(4) 1.876(15) �0.001(16) � 10�7

10 SNEAK-7B 1.728(3) 1.748(15) �0.028(15) � 10�7

11 TCA 3.522(3) 3.742(32) �0.220(32) � 10�5

12 Stacy-029 5.962(5) 6.147(38) �0.185(39) � 10�5

13 Stacy-033 6.315(6) 6.456(38) �0.141(38) � 10�5

14 Stacy-046 6.716(5) 6.993(39) �0.277(40) � 10�5

15 Stacy-030 5.853(4) 5.860(32) �0.007(33) � 10�5

16 Stacy-125 4.851(4) 5.111(33) �0.260(33) � 10�5

17 RA-6 (Case 1) 4.177(10) 4.296(29) �0.119(31) � 10�5

18 RA-6 (Case 2) 3.637(7) 3.757(27) �0.120(28) � 10�5

Table 5
Results obtained for the measured Rossi-a. Effective delayed neutron fractions, statistical uncertainties and differences are in pcm.

Case Case aR aR aR aR difference aR difference aR difference Scaling

Number Name Exp. MCNP OpenMC(TD) Exp. - MCNP Exp. - OpenMC(TD) MCNP - OpenMC(TD) Factor

1 Godiva �1.11(2) �1.16(2) �1.11(2) 0.05(3) 0.00(3) 0.05(3) � 106

2 Jezebel-Pu �6.4(1) �6.60(13) �6.28(28) 0.20(13) �0.12(29) �0.32(31) � 105

6 Flattop23 �2.67(5) �2.86(4) �2.68(16) 0.19(6) 0.01(17) �0.18(16) � 105

7 BigTen �1.170(10) �1.159(12) �1.098(21) �0.011(16) �0.072(23) 0.061(24) � 105

12 Stacy-029 �1.227(41) �1.224(11) �1.154(14) �0.003(42) �0.073(43) 0.070(18) � 102

13 Stacy-033 �1.167(39) �1.138(9) �1.101(12) �0.029(40) �0.066(41) �0.037(15) � 102

14 Stacy-046 �1.062(37) �1.069(9) �1.005(15) 0.007(38) �0.057(40) �0.064(17) � 102

15 Stacy-030 �1.268(29) �1.251(11) �1.197(14) �0.017(31) �0.071(32) �0.054(18) � 102

16 Stacy-125 �1.528(26) �1.553(14) �1.464(17) 0.025(30) �0.064(31) �0.089(22) � 102

18 RA-6 (Case 2) �1.808(9) �1.829(27) �1.724(27) 0.021(28) �0.084(28) �0.105(38) � 102
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and the subsequent absorption that induces fission. Formally, the
neutron generation time is defined in terms of the neutron flux and
adjoint neutron flux:

L ¼
ð
fyðr⃗; E;U

⃗
Þ 1
vðEÞfðr

⃗
; E;U

⃗
ÞdEdU

⃗
dr
⃗

ð
fyðr⃗; E;U

⃗
ÞcðEÞnðEÞSf ðr

⃗
; EÞfðr⃗; E;U

⃗
ÞdEdU

⃗
dr
⃗
;

(4)

where v(E) is the neutron speed.
In this work the neutron generation time was calculated using

the pulsed method [23,24], where a neutron pulse is inserted into a
subcritical system and then the neutron population decay is
measured. A theoretical approximation used to study this decay is
the point kinetics approximation, where the flux is assumed to be a
separable function of space and time [25]. Under this assumption
the neutron population differential rate, dn/dt, is given by

dn
dt

¼ r� beff
L

nðtÞ þ
X
j

ljCjðtÞ; (5)

where r is the system reactivity, lj and Cj are the decay constant and
concentration for the j-th precursor group, respectively. Since the
phenomena being studied is the prompt neutron decay, the
contribution from delayed neutrons can be neglected,
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v

vt
nðtÞ ¼ r� beff

L
nðtÞ: (6)

The solution to Eq. (6) is given by

nðtÞ ¼ n0e
at ; with a ¼ r� beff

L
(7)

where n0 is the initial neutron population and a is the decay con-
stant. The expanded time-dependent capabilities added to
OpenMC(TD), described in Sec. 3, were used to obtain the decay of
the neutron flux as a function of time after placing a neutron source
in a subcritical system. The reactivity of the system, r, was calcu-
lated in a previous criticality run, and beff was estimated by using
the prompt method. Finally, Lwas obtained by fitting Eq. (7) to the
neutron population decay curve from the simulation.
4. OpenMC(TD) benchmarks

The modifications added to the OpenMC code were tested using
a set of eighteen benchmarks taken from the International Hand-
book of Evaluated Criticality Safety Benchmark Experiments [7].
Different cases studied in this work includes uranium, plutonium,
and U-233 fuel systems, with both thermal and fast neutron energy
spectra:
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� Godiva (HEU-MET-FAST-001): Bare sphere of highly enriched
uranium. The isotopes present in this benchmark are 233U, 235U
and 238U.
� Jezebel-Pu (PU-MET-FAST-001): Bare sphere of plutonium. The
isotopes present in this benchmark are natGa, 239Pu, 240Pu and
241Pu.
� Skidoo (U233-MET-FAST-001): Bare sphere of uranium, were
233U is at 98%. The isotopes present in this benchmark are 233U,
234U, 235U and 238U.
� Topsy (HEU-MET-FAST-028): Enriched uranium sphere sur-
rounded by a reflector of natural uranium. The isotopes present
in this benchmark are 234U, 235U and 238U.
� Popsy (PU-MET-FAST-006): Plutonium sphere surrounded by a
reflector of natural uranium. The isotopes present in this
benchmark are natGa, 239Pu, 240Pu and 241Pu, 234U, 235U and 238U.
� Flattop23 (U233-MET-FAST-006): Uranium sphere surrounded
by a reflector of natural uranium. The isotopes present in this
benchmark are 233U, 234U, 235U and 238U.
� BigTen (IEU-MET-FAST-007): Mixed uranium-metal cylindrical
core with 10% average 235U enrichment surrounded by a
reflector of depleted uranium. The isotopes present in this
benchmark are 234U, 235U, 236U, and 238U.
� ZPR-U9 (IEU-MET-FAST-010): Cylindrical assembly of uranium
metal with a depleted uranium reflector. The isotopes present in
this benchmark are 234U, 235U, 236U, 238U, Ni, Cr, Fe, Si, Mo, Cu,
27Al, C, Mg, 1H, 2H, and 19F.
� SNEAK-7A, -7B: Unmoderated PuO2/UO2 with a depleted ura-
nium reflector. The isotopes present in this benchmark are 235U,
238U, 239Pu, 240Pu, 241Pu, 242Pu, Ni, Cr, Fe, Si, Mo, 27Al, C, Mg, and
O.
� TCA: Light water, moderated and low-enriched UO2 core in a
tank-tpe critical assembly. The isotopes present in this bench-
mark are 234U, 235U, 238U, 1H, 16O, and 27 Al.
� Stacy-029, -033, -046 (LEU-SOL-THERM-004): Water-reflected
cylindrical tank with uranyl-nitrate solution at 10% enrich-
ment. The isotopes present in this benchmark are 234U, 235U,
238U, 1H, 14N, and 16O.
� Stacy-030 (LEU-SOL-THERM-007): Water-reflected cylindrical
tank with uranyl-nitrate solution at 10% enrichment. The iso-
topes present in this benchmark are 234U, 235U, 238U, 1H, 14N, and
16O.
� Stacy-125 (LEU-SOL-THERM-016): Water-reflected slabs of 10%
enriched uranyl nitrate solution. The isotopes present in this
benchmark are 234U, 235U, 236U, 238U, 1H, 16O, 17O, C, Si, Ni, Fe, and
Cr.
� RA-6 (IEU-COMP-THERM-014): Open pool research reactor, fuel
elements are MTR-type with 19.7% enrichment. Two configu-
rations were studied, which are detailed in Sec. 4.1

The systems described above are summarized in Table 1.

4.1. Description of the RA-6 reactor

The RA-6 (spanish acronym for Argentina Reactor, Number 6) is
an open pool research reactor with a nominal power of 3 MW,
located in the Bariloche Atomic Center, San Carlos de Bariloche, Río
Negro, Argentina. The core of the reactor is made up of an array of
flat plate MTR-type fuel elements with 20% enriched uranium
located inside a stainless steel tank filled with demineralized water
that acts as a coolant, moderator, reflector and shielding in the axial
direction. Reactivity is controlled by four AgeIneCd plates. The fuel
elements were modeled explicitly, including the cadmium wires,
water gaps, guides and nozzles. The model also included the sup-
porting grid for the core and BNCT filter. Two configurations were
studied: Case 1 corresponds to a water reflected configuration and
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it was the first critical configuration included in ICSBEP. Case 2
corresponds to a graphite reflected configuration [26].
5. Results

5.1. Effective multiplication factor

Results obtained for the effective multiplication factor calcu-
latedwithMCNP and OpenMC(TD) are shown in Table 2, along with
the experimental value when available, the difference between
experimental and OpenMC(TD) calculated values, and the differ-
ence between MCNP and OpenMC(TD) calculated values. These
criticality calculations were run using 100 inactive and 2000 active
batches of 200000 source neutrons, with the ENDF/B-VII.1 nuclear
cross section libraries [27]. By examining Table 2 it can be seen that
uncertainties obtained for MCNP and OpenMC(TD) were less than 5
and 6 pcm, respectively, except for the RA-6 cases, where the
simulation uncertainties were 9 and 10 pcm. keff values obtained
from both simulations are within benchmark uncertainties for 13 of
the 18 cases and the differences between calculated values and
benchmark uncertainties were less than 0.3%.
5.2. Effective delayed neutron fraction

Results obtained for the effective delayed neutron fraction
calculatedwithMCNP and OpenMC(TD) are shown in Table 3, along
with the experimental value when available, the difference be-
tween experimental and OpenMC(TD) calculated values, and the
difference between MCNP and OpenMC(TD) calculated values.
MCNP estimated beff with adjoint-weighted tallies using the iter-
ated fission probability method. OpenMC(TD) estimated beff using
the prompt method and the kp criticality calculations to compute
beff were run using 100 inactive and 2000 active batches of 200000
source neutrons. All of these calculations used ENDF/B-VII.1 nuclear
cross section libraries.

By examining Table 3 it can be seen that differences between
OpenMC(TD) calculated and benchmark values were less than 26
pcm, except for SNEAK-7A (76 pcm) and SNEAK-7B (55 pcm). For
MCNP differences between calculated and benchmark values were
less than 34 pcm. beff values obtained from OpenMC(TD) are within
benchmark uncertainties for 4 of the 12 cases. For Stacy-029, Stacy-
033, Stacy-046, Stacy-030, Stacy-125 and both RA-6 cases there are
no beff experimental measurements available.
5.3. Mean neutron generation time

Neutron flux as a function of time calculated using OpenMC(TD)
was obtained for the 18 benchmark cases shown in Table 1. These
fixed-source calculations were run using 100 batches of 200000
source neutrons. As an example of results obtained, the neutron
flux as a function of time for the Stacy-030 and RA-6 cases are
shown in Fig. 1 and Fig. 2, respectively.

Results for the calculated mean neutron generation time ob-
tained with MCNP and OpenMC(TD) are shown in Table 4. By
examining results obtained it can be seen that the difference be-
tween MCNP and OpenMC(TD) are less than 7%, except for Topsy,
where the difference is of 8.1%.

In systems from Table 1, L is not reported explicitly, neverthe-
less, aR ¼ beff/L [4] is reported for some of the benchmarks and its
results are compared to simulations in Table 5. It can be seen that
for OpenMC(TD) the difference between benchmark and calculated
values is less than 6.56%, while for MCNP this difference is less than
4.31% except for Flattop23 case where it is 6.64%.
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6. Summary and conclusions

This work presented the methodology developed to include
time dependence for the open source Monte Carlo code OpenMC.
Themodified code, OpenMC(TD), was used to calculate the effective
delayed neutron fraction beff using the prompt method. The mean
neutron generation time L was estimated by scoring the decay of
the neutron population after using the pulsed method. MCNP es-
timates beff, L, and aR using adjoint-weighted tallies in a criticality
calculation. In OpenMC, beffwas obtained using the prompt method
approximation, while L and aR were calculated using OpenMC(TD)
new time-dependence capabilities, through a fit, as it was shown in
Figs. 1 and 2. It is important to notice that the pulsed method is an
approximation that requires a slightly subcritical system to observe
the decay of the neutron flux in a fixed-source calculation.

For the effective delayed neutron fraction, it can be seen that
differences between OpenMC(TD) calculated and benchmark
values were less than 26 pcm, except for two cases, SNEAK-7A (76
pcm) and SNEAK-7B (55 pcm). In the case of MCNP, differences
between calculated and benchmark values were less than 34 pcm.
beff values obtained from OpenMC(TD) are within benchmark un-
certainties for 4 of the 12 cases. For the neutron generation time,
the difference between MCNP and OpenMC(TD) are less than 7%,
except for Topsy, where the difference is of 8.1%. For Rossi-a, the
difference between benchmark and OpenMC(TD) calculated values
is less than 6.56%, while for MCNP this difference is less than 4.31%
except for Flattop23 case where it is 6.64%.

Nevertheless, implementation of time dependence in the open
source code OpenMC lays the groundwork for the development of
studies for the inclusion of b-delayed neutron emission from in-
dividual precursors. This was the main objective of the corre-
sponding author's PhD thesis [20]. Contribution of these
developments to the main branch of OpenMC shown in this work
are expected to be implemented in the near future [28].
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