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A multi-group cross section method was developed based on MOBAT code to save computing time. First, three
PWR pin cell benchmark cases were computed by MOBAT, MCODE and SCALE. The results of the separate
benchmark cases are consistent with each other; the maximum deviation of reactivity at a burnup depth of 100
MWd/kgU is less than 600 pcm, and the diﬀerence in nuclide concentrations is within 5%. Next, the same
benchmark case was calculated by MOBAT using the multi-group cross section method. The results indicate that
the method can give credible results while greatly reducing the computing time. Comparing the original MOBAT
benchmark case to the results of the multi-group cross section method, the reactivity diﬀerence at a burnup
depth of 100 MWd/kgU is about 100, the diﬀerence of nuclide concentrations is within 1%, and computation
time was 3.5 times faster.

1. Introduction
Due to its eﬀectiveness and accuracy, the use of burnup code coupled with Monte Carlo transport programs is widely developed around
the world. Examples include INEEL's MOCUP (Moore et al., 1995) and
MCWO (Chang, 2005), MIT's MCODE (Xu et al., 2002), Los Alamos's
Monteburns (Trellue, 1998), and THU's RMC-DEPTH (She et al., 2013).
The processing of cross sections is an important task for burnup codes.
In the early days, researchers mainly paid attention to the time-averaged treatment of cross sections, as seen in the half step method (Yu
et al., 2003) and prediction-correction method (Xu et al., 2002).
Today, more attention is paid to improving the computation time of
burnup codes. Online processing of cross sections with continuous-energy Monte Carlo code is time-consuming. The amount of time is assumed by a binary search of cross sections, and is generally directly
proportional to the number of burnup regions and nuclides present, as
their energy meshes are inconsistent (Haeck and Verboomen, 2007).
Unionized energy grid construction (Haeck and Verboomen, 2007;
Leppänen, 2009) of cross sections favors the reduction of repetitive
searches for the sake of reducing computation time. However, to obtain
a reﬁned and accurate unionized energy grid, the number of grid points
required greatly increases, meaning more computational memory is
necessary. This problem also occurs when using the doubling indexing
(DI) method (Leppänen, 2009) for accelerating the energy grid search.

∗

The Computational Expense Oriented (CEO) and Energy Bin (EB)
methods proposed by Liu et al. (2011) are good ways to improve
computational speed and keep memory usage low. Even so, cross section searches and tallies frequently account for a signiﬁcant portion of
CPU time.
Separating cross section processing from the neutron transport
calculation is a new attempt to accelerate the burnup computation.
Fiorito et al. (2013) puts forward linear polynomial interpolation to
predict time-dependent cross section curves and has demonstrated
some acceptable results in a REBUS benchmark. Since the prediction is
based on the hypothesis of linear change, it may be not suitable for
nuclides with signiﬁcant space self-shielding eﬀects and cases with a
large neutron spectrum diﬀerence.
To make the cross section predictions more reasonable and universal, we will introduce a Multi-Group cross section Method (MGM) in
this paper. The multi-group cross section will be processed at the beginning of burnup, with the one-group cross section at each time step
obtained from the weighted average of the neutron spectrum of the
same energy grid. The method is valid when the multi-group cross
section is unchanged with burnup. This assumption could be guaranteed if the energy-group number and grid are close to point-wise nuclear data, as seen in Haeck and Verboomen (2007). However, it may be
not necessary to build such elaborate energy group structures, as the
initial processing of multi-group cross sections takes into account the
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Fig. 1. MOBAT ﬂow chart and input card examples for ﬂux multiplier method and 650 groups method.

can be obtained. The ﬂux multiplication factor (FMF) is calculated by
the following equation:

resonance cross section processing of an objective model. An important
focus of this paper is to determine what energy group structure and
energy spectrum change can achieve acceptable one-group cross sections. These steps are expected to greatly reduce computation times, as
an energy spectrum tally for each burnup region has low computational
requirements.
In this paper, we ﬁrst introduce the accuracy of conventional
burnup code MOBAT (Zhu, 2015) developed by Shanghai Institute of
Applied Physics (SINAP). From the benchmark case, comparisons will
be made to calculations employing MOBAT with the multi-group cross
section method, speciﬁcally comparing the neutron multiplication
factor, main cross sections, and major nuclides evolution. Section 2
includes our methodology and a code ﬂowchart introduction. Section 3
is results and analysis, and section 4 contains our conclusions.

FMF =

p
n
m
∑i = 1 ∑ j =i 1 Nij [∫ σij . f (E ) ϕi (E ) dE ] Vi Qj

(1)
3

P is the input power [MW]; Nij is the atom density [1/barn-cm ] of the
j-th nuclide in the i-th burnup region, σij,f (E ) is the microscopic ﬁssion
cross section of Nij , φi (E ) is normalized ﬂux in the i-th burnup region
tallied by MCNP code, Vi is the material volume in the i-th burnup region, and Qj is the recoverable energy of the j-th nuclide, calculated by
following equation:
Q = 1.29927 × 10−3 (Z 2A0.5 ) + 33.12

(2)

Here, Z is the atomic number of the nuclide and A is the mass number.
The actual ﬂux is φi (E ) multiplied by the FMF. The one-group cross
section is the tallied reaction rate divided by φi (E ) .
In the ORIGEN preprocess module, several input ﬁles need to be
created and updated. The nuclear data ﬁle TAEP9.INP is updated with
the calculated one-group cross sections. The ﬂux and time step are
updated in the command ﬁle TAPE5.INP. Irradiation for speciﬁed Flux
(IRF) must be used as the burnup command instead of Irradiation for
speciﬁed Power (IRP) in TAPE5.INP, as the local power in the multiregion burnup calculation usually changes with time greater than ﬂux,
and IRP is not suitable for non-fuel material. The concentration input
ﬁle TAPE4.INP is inherited from the last time step concentration output
ﬁle, TAPE7.OUT.
After that, the code calls the ORIGEN executive program and outputs the evolved nuclides. Additionally, the code calculates the value of
burnup depth.
Finally, if the iteration number n is lower than the pre-set time step
number M, the code moves on to the next time step computation.
Otherwise, it exits the program and ﬁnishes the burnup calculation.
If using the multi-group cross section method, some modules should
be amended.
In the MCNP preprocess module, for the ﬁrst time-step, the reaction
rates are tallied with a speciﬁed energy grid and processed into multigroup cross sections. For other time-steps, only speciﬁed energy-group

2. Methods and code ﬂowchart
The MCNP (Briesmeister, 2010) and ORIGEN (Croﬀ, 1980) coupled
burnup code with Batch language (MOBAT) is a fuel management code
developed by SINAP. MOBAT consists of several modules, a ﬂow chart
shown in Fig. 1, demonstrates these modules and shows how MOBAT
functions.
The burnup information, including power, time step, time number,
material, and volume, is embedded in the MCNP input ﬁle using a
speciﬁc command and format. The code ﬁrst reads that information and
removes commands.
Next, it generates dummy material and tally multiplier cards in the
input ﬁle. By default, 90 ﬁssion products and 39 actinides are tallied in
each burnup region. The nuclide compositions are not changed in the
ﬁrst time step, and are updated from the ORIGEN output ﬁle in the
following time steps. It should be emphasized that the densities of
burnup material in the MCNP input ﬁle must be modiﬁed since not all
nuclide ratios are preserved. Finally, the code calls the MCNP executive
program and outputs the neutron multiplication factor and reaction
rates.
In the post processing module, the ﬂux and one-group cross section
25
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ﬂuxes are required to tally, as shown in Fig. 1. The multi-group cross
sections are calculated in the ﬁrst time-step by the following equation:

Table 1
Structure and power parameters of improved PWR pin cell (300 K).

Em + 1

σi, j, k, m =

Ri, j, m
ϕi, m

∫ σi, j, k (E ) ϕi (E ) dE
=

Geometry

Em
Em = 1

∫ ϕi (E ) dE
Em

(3)
Density

σi, j, k, m is the m-th energy group averaged cross section, i is the region
number, j is the nuclide number, and k is the reaction channel number.
φi (E ) reﬂects the resonance processing of the speciﬁed case.

Power

In the post-process module, group condensation is performed by
following equation:

σi, j, k =

M
∑m = 1 σi, j, k, m⋅φm
M
∑m = 1 φm

Parameter

Value

Fuel radius
Gap radius
Cladding radius
Pin margin
Fuel density
Cladding density
Water density
Power density
Speciﬁc power

0.4096 cm
0.4178 cm
0.4750 cm
1.26 cm
10.3 g/cm3
6.55 g/cm3
0.997 g/cm3
104.5 MW/m3
34.6679 W/gU

Table 2
Initial material compositions of improved PWR pin cell (300 K).

(4)
Fuel (9.75 wt% UO2)

The multi-group cross sections in Eq. (4) are calculated in the ﬁrst
time step, and the energy spectrum is obtained under the current time
step.
Reasonable energy structure plays an important role in making the
multi-group cross section more applicable. By referring to determination procedure and the microscopic cross section curve, we will compare following energy structures:

Cladding (Zr alloy-4)

Water (H2O)

1. MOBAT-102: The energy structure comes from SRAC code
(Okumura et al., 2007), including 27 fast groups, 31 moderation
groups, and 44 thermal groups, totaling 102 groups;
2. MOBAT-400: The energy spectrum adopts a logarithmic energy drop
structure, including 50 thermal groups (10−3eV～0.1eV), 220 resolved resonance groups (0.1eV～50eV), and 130 unresolved resonance and fast groups (50eV–20 MeV), totaling 400 groups;
3. MOBAT-650: The energy spectrum is more reﬁned in the thermal
group and distinguishable resonance group compared with MOBAT400. It includes 200 thermal groups (10−3eV～0.1eV), 300 resolved
resonance groups (0.1eV～100eV), 100 unresolved resonance
groups (100eV–0.1 MeV), and 50 fast groups (0.1 MeV–20 MeV),
totaling 650 groups;
4. MOBAT-FM: We use MOBAT-FM to represent the conventional
burnup code with FM tally in each time step.

Nuclide

Weight percent (wt%)

Atom density (1/cm3)

U-234
U-235
U-238
O-16
O
Cr
Fe
Zr
Sn
H-1
O-16

0.0688
8.5946
79.4866
11.8500
0.125
0.10
0.21
98.115
1.45
11.19
88.81

1.82239E+19
2.26826E+21
2.07128E+22
4.59686E+22
3.08281E+20
7.58663E+19
1.48338E+20
4.24275E+22
4.81835E+20
6.66295E+22
3.33339E+22

number is 71. The nuclear data used here is ENDF/B-VII.1 (Chadwick
et al., 2011).
3.2. MOBAT-FM accuracy veriﬁcation
The results of MOBAT-FM are compared with CASMO (Ahlin and
Edenius, 1977), SCALE5.1 (Lab, 1997) and MCODE (Xu et al., 2002) as
shown in Fig. 3 and Table 3. k-inf curves among those burnup codes are
highly consistent. The k-inf diﬀerence at the Beginning of Life (BOL) is
about 200 pcm. At the burnup depth of 100 MWd/kgU, the diﬀerence is
about 600 pcm, while the statistical error of MOBAT-FM is about 100
pcm. As shown in Table 3, most of nuclides diﬀerences between
MOBAT-FM and CASMO are within 5%. It's acceptable that some nuclides deviate up to 10%, as CASMO is a deterministic procedure with
diﬀerent nuclear data and point burnup code. MOBAT-FM is more
consistent with MCODE due to the two having the same coupled procedures. There exists a substantial diﬀerence for individual nuclides,

3. Accuracy veriﬁcation
3.1. Benchmark model
The benchmark model is a single Pressure Water Reactor (PWR) fuel
pin cell, which was developed from a standard Westinghouse 17 × 17
PWR assembly (DeHart et al., 1996) to investigate modelling accuracy
under deep burnup, as shown in Fig. 2. The structure and material
parameters are listed in Table 1 and Table 2 and are referred from Xu
et al. (2002). The height of the fuel pin was set at 4 cm, and fullyreﬂective boundary conditions were used. In this calculation, a total of
60 active cycles were run, using 5000 particles per cycle. The time step

Fig. 2. Cross section view of improved PWR pin cell.

Fig. 3. k-inf curves of MOBAT-FM compared with Scale5.1 and MCODE.
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Table 3
Concentrations comparison at the burnup depth 100MWd/KgU.
Nuclide

CASMO-4 (#/cm3)

MCODE

Scale5.1

MOBAT-FM

MOBAT-FM vs MCODE

MOBAT-FM vs MOBAT-650

Mo-95
Tc-99
Ru-101
Rh-103
Ag-109
Cs-133
Cs-135
Nd-143
Nd-145
Sm-147
Sm-149
Sm-150
Sm-151
Sm-152
Eu-153
U-234
U-235
U-238
Np-237
Pu-238
Pu-239
Pu-240
Pu-241
Pu-242
Am-241
Am-243
Total actinides
Total ﬁssile
Total fertile

1.22281E+20
1.16862E+20
1.19274E+20
4.60151E+19
6.99101E+18
1.14516E+20
6.98202E+19
7.42463E+19
7.10908E+19
9.57151E+18
1.24554E+17
2.67571E+19
7.68167E+17
9.39450E+18
1.18378E+19
6.71252E+18
2.59522E+20
1.96718E+22
3.42341E+19
1.96654E+19
1.47667E+20
6.31059E+19
4.28013E+19
2.62275E+19
2.35052E+18
6.23202E+18
2.02803E+22
4.92807E+20
1.97875E+22

−0.17%
4.54%
−0.30%
3.30%
14.62%
8.15%
0.35%
0.34%
−0.08%
14.09%
−5.83%
8.08%
−10.27%
−16.19%
−11.36%
1.20%
2.10%
−0.17%
−8.90%
−8.26%
5.61%
8.77%
5.13%
−3.05%
9.96%
23.22%
−0.07%
2.96%
−0.15%

1.16%
7.05%
2.03%
5.53%
13.22%
8.91%
NA
0.06%
0.98%
12.2%
−2.05%
14.55%
−11.48%
−15.91%
−8.77%
−0.92%
−4.48%
−0.26%
NA
1.24%
4.56%
14.5%
3.17%
7.06%
11.26%
36.22%
−0.37%
−0.79%
−0.36%

−1.38%
0.51%
−2.60%
−2.22%
11.7%
4.89%
0.52%
−1.79%
−3.14%
11.2%
5.25%
−11.9%
−7.39%
−20.8%
−14.6%
6.59%
1.31%
−0.09%
−2.64%
−3.66%
4.55%
6.29%
3.97%
−0.07%
9.28%
25.8%
−0.01%
2.63%
−0.07%

−1.21%
−4.03%
−2.30%
−5.52%
−2.92%
−3.26%
0.17%
−2.13%
−3.06%
−2.89%
11.08%
19.98%
1.21%
−4.61%
−3.24%
5.39%
−0.79%
0.08%
6.26%
4.60%
−1.06%
−2.48%
−1.16%
2.98%
−0.68%
2.58%
0.06%
−0.03%
0.08%

−0.4%
0.0%
−0.3%
−0.2%
0.4%
−0.3%
−0.2%
−0.3%
−0.4%
−0.6%
−0.6%
0.0%
0.1%
−0.8%
0.3%
0.6%
0.7%
0.0%
6.0%
4.8%
−0.9%
−0.7%
−0.6%
−0.6%
−0.4%
1.7%

such as Sm-149 and Sm-150. Some of the reasons for this discrepancy
may be that the cross section of excited Pm-148 is not typically updated, and diﬀerent burnup codes may adopt diﬀerent default values.
3.3. MGM accuracy veriﬁcation
Several diﬀerent energy structures of the multi-group cross section
method are compared in this subsection. As shown in Fig. 4, the k-inf
curve is nearly identical. Compared to MOBAT-FM, at the burnup depth
of 100 MWd/kgU, the k-inf diﬀerence of MOBAT-102 is 400 pcm, and
that of MOBAT-400 is 100 pcm. These discrepancies fall roughly within
the standard statistical error.
Some cross section evolutions of major nuclides are compared in
Figs. 5–7. The cross sections of most heavy metals increase with the rise
of burnup because the fuel-to-water ratio decreases. Notably, the cross
Fig. 5. Fission cross section curves of U-235 with diﬀerent energy group cross
section methods.

section trends of U-235, U-238 and Pu-239 are non-linear, which makes
linear interpolation unreliable. As the neutron spectrum is reﬁned, the
cross sections are more convergent with MOBAT-FM. As shown in
Figs. 5 and 6, cross sections of U-238 and Pu-239 are convergent within
1% under 400 groups. However, the ﬁssion cross section of U-235 still
diverges under 400 groups. As shown in Fig. 8, the thermal region and
resolved resonance region have obvious energy spectrum diﬀerences
between the BOL and the Ending of Life (EOL). Notably, the apparent
mass decrease of U-235 will change the characteristic resonance spectrum of U-235 and aﬀect the accuracy of cross section processing. To
reduce this divergence, 650 energy groups with reﬁned resonance energy regions were used. As shown in Fig. 5, the ﬁssion cross section
diﬀerence of U-235 does tend to stability and fall roughly within
standard statistical error.
The nuclide evolutions of U-235 and Pu-239 are shown in Fig. 9 and
Fig. 10. The diﬀerence of Pu-239 in the low burnup region is caused by

Fig. 4. k-inf curves of MOBAT with diﬀerent energy group cross section
methods.
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Fig. 9. Concentration curves of Pu-239 with diﬀerent energy group cross section methods.

Fig. 6. Capture cross section curves of U-238 with diﬀerent energy group cross
section methods.

Fig. 10. Concentration curves of U-235 with diﬀerent energy group cross section methods.

Fig. 7. Fission cross section curves of Pu-239 with diﬀerent energy group cross
section methods.

under 650 groups are compared with MOBAT-FM, as shown in Table 3.
Most diﬀerences are within 1%. This shows that the multi-group cross
section method is valid. Some diﬀerences of heavy nuclide concentrations, such as Np-237 and Pu-238, reached 5%, as noted in Fig. 11.
These discrepancies were caused by the capture cross section processing
of U-236. A more reﬁned energy structure, in the twenty-thousands, is
required to achieve high ﬁdelity for concentrations of individual nuclides. In theory, increasing the number of energy groups is not always
eﬀective to reduce such deviations. The statistical error of the multigroup cross section will decrease if the energy groups are more reﬁned.
Additionally, the initial energy spectrum does not take the resonance
processing of some of the produced heavy nuclides into account. Updating the multi-group cross section at one burnup depth is necessary to
improve the accuracy of nuclide evolution. As analyzed in this case,
even under 650 groups, when the multi-group cross sections are updated at the burnup 12 MWd/kgU, the concentration deviation of Np237 can be less than 1%.
3.4. Calculation time comparison

Fig. 8. Energy spectrum comparison between BOL and EOL.

We computed the benchmark model of a personal computer with a
3.1 GHz intel(R) Core(TM) i5-2400 CPU. The computing time of one
time step is compared as shown in Table 4. The computing time is essentially dominated by MCNP code. With the multi-group cross section
method, the computing speed-up ratio of MCNP can reach 3.5, and is
not aﬀected by the energy group number. The speed-up ratio will be

truncation error, however the distribution becomes convergent under
400 groups. The composition diﬀerence of U-235 is within 1% at the
burnup depth 100 MWd/kgU under 650 groups and still has a tendency
to diverge at higher burnup depth.
Most nuclide concentrations at the burnup depth 100MWd/kgU
28
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Fig. 11. Capture cross section curves of U-236 (left) and mass curves of Np-237 (right) with diﬀerent energy group cross section methods.

Science Key Program of Chinese Academy of Sciences (No.QYZDY-SSWJSC016). Thanks to Ye Dai for MCNP calculation in this paper. Thanks
to Jarod C Wilson, Sara E Hauptman, and Ruimin Ji for suggestions and
amendments.

Table 4
Calculation time comparison in one time step.
Code type

MCNP computing time

Other computing time

Speed-up ratio

MOBAT-FM
MOBAT-200
MOBAT-400

23–26min
6.75–6.96min
6.9–7.2min

～3s
～3s
～3s

1
～3.6
～3.5
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more signiﬁcant when using the multi-group cross section method with
the multi-burnup region case, As analyzed in (Haeck and Verboomen,
2007).
4. Conclusion
In this paper, we used multi-group cross section method to speed up
burnup calculations. We have introduced the development process of
MOBAT code and veriﬁed its accuracy with an improved fuel pin cell of
a PWR. Additionally, several energy structures were compared to verify
the applicability the of multi-group cross section method. Some important conclusions can be drawn:
(1) The accuracy of MOBAT code can reach the same level of MCODE
and SCALE5.1. The reactivity diﬀerence at the burnup depth 100
MWd/kgU is within 600 pcm. Most of nuclide composition diﬀerences at the burnup depth 100MWd/kgU are within 5%.
(2) Multi-group cross section method is valid for use in burnup calculation. A 650-group energy spectrum can be suitably used in PWR
models with less 100 MWd/kgU burnup. The reactivity diﬀerence is
within a standard error of 100 pcm. Most nuclide diﬀerences are
within 1%. If this method is to be used in another reactor design,
additional veriﬁcation of the energy spectrum should be performed
to determine if it is suitable.
(3) The computing speed-up ratio is signiﬁcant and was shown to improve calculation time by a factor of up to 3.5 in one burnup region
case.
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