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ABSTRACT

The OCTOPUS burnup and criticality code system is described. This system links
the spectrum codes from the SCALE4.1, WIMS7 and MCNP4A packages to the
ORIGEN-S and FISPACT4.2 fuel depletion and activation codes, which enables
us to perform very accurate burnup calculations in complicated three-dimensional
geometries. The data used by all codes are consistently based on the JEF2.2
evaluated nuclear data file. Some special features of OCTOPUS not available in
other codes are described, as well as the validation of the system.

INTRODUCTION

Nuclide inventories are usually calculated as a function of time by use of a multi-dimensional
diffusion/burnup code with a limited number of nuclide chains or by a one-dimensional transport
code coupled to a point-depletion code with an extensive number of nuclide chains. An example
of the first method is the WIMS7 code system and of the second method the S AS2 driver of the
SCALE4.1 code system. Both code systems are available at the Netherlands Energy Research
Foundation (ECN). Nevertheless, for some problems a detailed multi-dimensional geometry
is needed together with an extensive number of nuclide burnup chains. For detailed burnup
calculations in a two-dimensional cluster geometry like that of CANDU fuel bundles, ECN has
developed the SAS6 code system l in cooperation with the Interfaculty Reactor Institute of the
Delft University of Technology. Results with this code system are described in another paper at
this conference2.

This paper describes the OCTOPUS burnup and criticality code system which performs
rigorous burnup calculations in any three-dimensional geometry. It interconnects all reactor



code systems available at ECN, like the SCALE4.1 code system (ORNL; neutron transport
for pin-cells and assemblies), WIMS7 (AEA Technology; deterministic neutron transport and
diffusion for a variety of core subsystems), MCNP4A (LANL; continuous-energy Monte Carlo),
KENO-Va (ORNL; groupwise Monte Carlo), ORIGEN-S (ORNL; fuel depletion and radiation
source terms), FISPACT4.2 (AEA Technology; fuel depletion and activation) and PANTHER
(Nuclear Electric; steady-state, burnup and transient core physics). In the remainder of this paper,
these code systems will be referred to as the SCALE, WIMS, MCNP, ORIGEN, FISPACT and
PANTHER codes. Furthermore, OCTOPUS uses cross sections from the ECNAF data library,
which contains activation and transmutation cross sections for over 750 nuclides mainly based
on the JEF2.2 data file.

OCTOPUS has two important functions:

• It connects all our neutron spectrum codes to the point-depletion codes ORIGEN and
FISPACT. For example, it links MCNP to ORIGEN, which gives the possibitity to calculate
nuclide inventories in complicated geometries.

• It interconnects all our neutron spectrum codes. In this way we have created parallel
calculation routes to check results. An example of this 'parallelism' is the two-group
cross-section generation for the core physics code PANTHER, which can be done by
WIMS, SCALE or a mixture of the two. Because all our codes systems use nuclear data
based on JEF2.2, this is a consistent procedure.

The remainder of this paper describes the calculational method of OCTOPUS, the influence
of pseudo nuclides on the kefj and the validation of the code system.

HOW DOES IT WORK?

OCTOPUS is based on three important principles:

• The quality assurance of the code systems used may not be invalidated. Therefore, only the
standard output of the code systems is used and converted to other formats by interfacing
codes. In fact, the OCTOPUS system is a large set of interfacing codes and C-shell scripts.

• To facilitate the transfer of cross sections from one code to the other, a generic format is
used which can be converted to and from the formats used by the other codes. We have
chosen the AMPX weighted format (AMPX-W), because this is the most comprehensive
one used by our code systems.

• All information needed for coupled spectrum-burnup calculations is passed from one
module to the other (modules are explained in the next paragraph) via a file containing all
the information needed for the burnup calculations. This file is called the Binary Interface
File (BIF). It can also be used to restart OCTOPUS.

OCTOPUS works with modules, which are C-shell scripts that call the interfacing codes and
the underlying code systems like SCALE, WIMS, MCNP, ORIGEN and FISPACT. Because the
C-shell language is used, OCTOPUS runs on UNIX platforms only. A general flowsheet of
OCTOPUS is given in figure 1.
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Fig. 1. A scheme of the OCTOPUS burnup and criticality code system.

The SETUP Module

The SETUP module is always needed. In this module all the initialization is done for all
the codes used in the calculation. For example, when a burnup calculation is requested using
SCALE linked to FISPACT, the SETUP module assembles a nuclear data library for the SCALE
system in the so-called AMPX master format and produces a library for the FISPACT code
which is based on a fine-group version of the ECNAF data file. It also reads the OCTOPUS
input files, which contain the initial nuclide densities, burnup time steps, total power generated
and the zone numbers for which burnup calculations are requested. (In the remainder of this
paper these zones are called 'burnable zones', because they cannot only be fuel zones but also
others, like structural material zones). This information is used to make the BIF of the first cycle.



The SPECTRUM Module

The next module is the SPECTRUM module, which is specific for the SCALE, WIMS and
MCNP codes. The input to each SPECTRUM module is an input file with special keywords at
the positions of the nuclide densities. The SPECTRUM module recognizes these keywords and
replaces them by the nuclide densities from the BIF before it calls the spectrum code to calculate
the resonance-shielded cross sections, the neutron fluxes in all zones and the £«, of the system.
When the module has terminated, a cross-section file in AMPX-W format is produced, which
contains at least the resonance-shielded cross sections of the nuclides in the burnable zones.
This information is used to update the cross sections and the neutron spectra in the BIF.

The PSEUDO Module

This module can be used with the SPECTRUM modules of the SCALE and WIMS code
systems. It calculates for each burnable zone a fine-group cross-section set, which accounts
for the neutron absorption and production of all actinides and fission products not explicitly
included in the SPECTRUM module. These cross-section sets are concatenated to the cross-
section library of the spectrum code used. The concept of pseudo nuclides is further explained
later on. The use of the PSEUDO module is optional. If pseudo nuclides are requested, this
module is always called before the SPECTRUM module.

The BURNUP Module

Another important module is the BURNUP module for ORIGEN or FISPACT This module
reads the total power for each time step in the BIF and calculates the contribution of each zone
to that power. For each burnable zone the microscopic resonance-shielded cross sections of the
nuclides explicitly included in the spectrum calculation are read in the BIF and written into a
group-wise version of the ECNAF file. This file is then collapsed to one group with the current
neutron spectrum and used to update the burnup data library of ORIGEN or FISPACT. The
atomic densities at the end of the burnup time step are calculated and used to update these data
in the BIF (see later on). If ORIGEN is used, the constant power or constant flux approximation
may be used in the burnup calculations, if FISPACT is used only the constant flux approximation
can be used.

The BURNUP module has an interesting feature to calculate the nuclide densities at the mid-
dle of each burnup time step prior to the spectrum calculation. In this way, a more characteristic
neutron spectrum for each burnup time step is calculated. This option is further explained later
on.

The Binary Interface File (BIF)

The BIF is a file containing the data needed for the spectrum and burnup calculations.
The SETUP module writes the initial nuclide densities in the BIF of the first cycle. The

SPECTRUM module reads these densities and updates the input file of the spectrum code
system. In the BURNUP module the nuclide densities in the BIF of the current cycle are
updated with the new ones at the end of the burnup time step.



The SETUP module also writes the total power generated during each burnup time step in
the BIF of the first cycle. In the BURNUP module, the fine-group cross sections, the atomic
densities and the neutron fluxes are read from the BIF and the fission and (n,y) reaction rates
in each zone are calculated. From these data the contribution of each zone to the total power is
calculated and used in the burnup calculations.

The SPECTRUM module updates the resonance-shielded cross sections and neutron fluxes
in the BIF of the current cycle. In the BURNUP module, the fine-group cross sections are read
from this BIF and collapsed to one group to update the cross sections in the burnup data library,
which are subsequently used in the burnup calculations.

SPECIAL FEATURES

As already noted, the OCTOPUS system has some interesting features not available in other
codes.

First, there is the option to use a pseudo nuclide in each burnable zone when the SCALE
or WIMS codes systems are used for the spectrum calculations. This option is based on the
concept of dynamic pseudo fission products and dynamic pseudo actinides used in the SAS6
burnup code system ' and described at this conference2. Because it is impractical to include all
nuclides actually present in the burnable zones, a pseudo nuclide can be used to account for all
the neutron absorption and production not explicitly taken into account in the burnable zones.
The atomic density of this pseudo nuclide is always unity, but the fine-group cross sections vary
from one burnup time step to the other. The cross section of the pseudo nuclide for energy group
g and process x is calculated by:

]TX (i)
where the sum extends over all nuclides in the ECNAF file but not explicitly included in
the burnable zone, and where afx is the fine-group cross section of nuclide / read from the
ECNAF file. Because the ECNAF file is a very extensive file containing cross sections for
over 750 nuclides and over 13,000 reactions, this means that virtually all neutron absorption and
production in the burnable zones is accounted for. When the fine-group cross-section sets for the
pseudo nuclides are calculated, these sets are added to the nuclear data library of the spectrum
code system used. Especially for the WIMS code system, new tools have been programmed
to perform this task3. However, due to lack of data in the ECNAF file, only the cross sections
of nuclides at infinite dilution are used, the neutron fission spectrum is fixed to the analytical
expression for 235U and the number of neutrons released per fission is fixed to three. Because
of these assumptions, only the actinides with negligible resonance shielding and with a small
contribution to the fission rate should be included in the pseudo nuclide.

Secondly, the ECNAF file is used in the BURNUP module to update the one-group cross
sections of all nuclides both present in the ECNAF file and the burnup data library. This is done
as follows: The fine-group cross sections of the nuclides explicitly included in the spectrum
calculations are written into the ECNAF file for each burnable zone. The resulting ECNAF files
are collapsed with the current neutron spectrum of each burnable zone and used to update the
burnup data library. Practically, this means that the cross sections of up to 750 nuclides are



updated each burnup time step with the resonance-shielded cross sections (if these are available
from the spectrum calculation) or with the cross sections at infinite dilution.

Thirdly, the fine-group cross sections in the WIMS interface files resulting from the spectrum
calculations can be converted to a complete AMPX-W library containing all partial activation
cross sections. This is done in two steps: First the resonance-shielded fission and absorption
cross sections from the WIMS interface file are converted to an AMPX-W library. Special
attention is put to the (n,2n) and (n,3n) cross sections because these are treated in the WIMS
format as negative contributions to the absorption cross section, while they are treated explicitly
in the AMPX-W format. After this step, an AMPX-W library results containing total, fission
and absorption cross sections and also (n,2n) cross sections if present in the WIMS interface
file. In the second step, all partial activation cross sections like (n,y), (n,p), (n,d), (n,a), etc.
are added to the AMPX-W file in such a way that the sum of all partial cross sections equals
the total absorption cross section. This is done as follows: all partial activation cross sections
present in the ECNAF file are summed to obtain the total absorption cross section of the nuclides
at infinite dilution. For each nuclide and each energy group the resonance-shielded absorption
cross section from the WIMS interface file set is divided by the absorption cross section from
the ECNAF file to obtain a measure for the resonance shielding. This correction factor is used
to correct the partial activation cross section from the ECNAF file for the resonance shielding
in that energy group. If (n,2n) cross sections are present in the WIMS interface, the ratio of
the WIMS (n,2n) cross section and the (n,2n) cross section from the ECNAF library is used
to correct the (n,3n) cross section for the resonance self-shielding. In this way a complete
AMPX-W library results with correct resonance-shielded cross sections which can be used for
further neutron spectrum calculations or for the update of the burnup data library.

Fourthly, the OCTOPUS system has a very flexible method for so-called branching calcu-
lations. These can be used to calculate reactivity coefficients as a function of burnup or to
assemble a few-group data library for the PANTHER code. In the main C-shell script, where
the above-mentioned modules are called, the SPECTRUM module can be called repeatedly with
changed values for one or more parameters. After each call, a new ke/f of the sytem results
and a new AMPX-W file is created with fine-group cross sections and neutron fluxes. Any
input parameter like temperature, boron concentration or xenon concentration, or combinations
of input parameters may be changed. The bookkeeping of this is taken care of by the so-called
PARSUB (PARameter SUBstitution) module.

Fifthly, the BURNUP module has the option to calculate for each burnable zone the atomic
densities at the middle of each burnup time step prior to the neutron spectrum calculation. This
is expected to give more accurate results, which allows us to define larger burnup time steps.
When this option is used, the neutron spectrum is calculated at the beginning of the first burnup
time step and used to update the burnup data library. This library is subsequently used in the
BURNUP module to calculate the nuclide densities in all burnable zones at the middle of the
first time step. With these densities the more correct neutron spectrum is calculated and used to
update the burnup data library again. With this updated library the nuclide densities at the end
of the first time step are calculated. In all following burnup time steps, the burnup data library
of the previous time step is used to calculate the nuclide densities at the middle of each burnup
time step prior to the spectrum calculation.

Last but not least, besides the SCALE and WIMS code systems, also the MCNP Monte Carlo
code can be used to calculate the resonance-shielded cross sections and the neutron fluxes in
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the geometry. For this purpose, tallies are specified in the MCNP input and a special file is
produced containing collision events with nuclides in the zones specified. From these events,
angular dependent cross sections, one-dimensional cross sections and fluxes are written to an
AMPX-W file, which is subsequently used to update this information in the BIF. In this way we
are able to perform accurate burnup calculations in complicated three-dimensional geometries.

DEMONSTRATION OF THE PSEUDO NUCLIDE

The influence of the pseudo nuclide on the k^ is demonstrated by calculations on the Burnup
Credit Criticality Benchmark phase I-B4, which is a benchmark on a PWR pin cell made of UO2
fuel irradiated for four cycles with cumulative burnup of 27.35 GWd/tU.

The calculations are done with the SCALE code system for the neutron spectrum calculations
and the ORIGEN code for the burnup calculations. The spectrum calculations are done at the
beginning and at the middle of each burnup cycle and at the end of the cooling period of ] 870
days (9 in total). The resulting k^ values are not very sensitive to the number of neutron
spectrum calculations: 36 calculations instead of 9 gives a k^ value at the End Of Life (EOL)
wich is higher by about 220 pcm.

Calculations are done for three different cases each with and without a pseudo nuclide in the
fuel:

1. A calculation with 17 actinides and 24 fission products.

2. A calculation with 17 actinides and 3 fission products (135Xe, 149Sm and 151Sm).

3. A calculation with 8 actinides and 1 fission product (135Xe).

The koo as a function of time is shown in figure 2. The lower curve of each case is the one
with the pseudo nuclide included while the upper curve is the one without pseudo. Note that
cases two and three with the pseudo nuclide give almost identical k^ values at the EOL.

When 17 actinides and 24 fission products are explicitly taken into account, the contribution of
the pseudo nuclide to the koo still exceeds 1800 pcm. This difference is quite large and increases
when less nuclides are explicitly included. It equals 7350 pcm for case two (17 actinides and
3 fission products) and 10700 pcm for case three (8 actinides and 1 fission product). The
difference in k^ between cases one, two and three with the pseudo nuclide included is only 430
pcm (the lower three curves in figure 2, which demonstrates the accuracy and applicability of the
pseudo nuclide used in OCTOPUS. Because the cross sections of the pseudo nuclides and of the
nuclides in the WIMS and SCALE code systems are based on JEF2.2 (at least this is so at ECN
and IRI because we produce our own libraries with the NJOY code system), only the nuclides
with significant resonance self-shielding and the actinides with a non-negligible contribution to
the fission rate have to be accounted for explicitly. All the other nuclides can be represented by
the pseudo nuclide without large errors.
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Fig. 2. The ^ as a function of time for the Burnup Credit Criticality Benchmark Phase 1-B4

with the number of nuclides as a parameter. The two lower curves are so close that they cannot
be distinguished from each other.

VALIDATION

The verification of OCTOPUS comprises comparison of modules by comparing results of
SCALE-ORIGEN, SCALE-FISPACT, WIMS-ORIGEN, WIMS-FISPACT, MCNP-ORIGEN
and MCNP-FISPACT calculations. The validation of OCTOPUS will be done by comparing
calculated nuclide densities with experimental data and by comparing calculated and measured
decay heat values. Also contributions to international burnup benchmarks like the international
benchmark on the multiple recycling of plutonium in light water reactors5 will contribute to the
validation of the system.

In this section, results of calculations on the Burnup Credit Criticality Benchmark phase I-B4

are compared with the experimental data. The benchmark consists of a PWR pin cell made of
UO2 fuel irradiated for four cycles up to a cumulative burnup of 44.34 GWd/tU.
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Five calculations denoted A till E have been done and the results are shown in Table I.
Generally, all the results are in good agreement with the experiments, except for the fission
products 79Se and l26Sn. Because FISPACT gives slightly better results for these two isotopes,
the discrepancies might be due to the fission yields. Both ORIGEN and FISPACT use fission
yields based on JEF2.2, but ORIGEN uses the thermal values at E = 0.0253 eV6, while
FISPACT uses spectrum-averaged values.

The differences between the calculations are very small. This was expected because 29
bumup time steps have been modelled, which gives only very small differences between bumup
calculations with a constant flux and a constant power approximation. Also the number of
nuclides explicitly treated in the spectrum calculations were rather high (17 actinides and 24
fission products), which gives only a small influence of the pseudo nuclide on the results.

TABLE I

Results of the validation of OCTOPUS on the Bumup Credit Criticality Benchmark phase I-B4

(spent UO2 fuel with cumulative bumup of 44.34 GWd/tU). The pseudo module is used in
calculations A, B and C, the constant power approximation in calculations A, D and E.

Calculation
Codes

Pseudo
Power/Flux
Nuclide

79Se
90Sr
"Tc
126Sn
135Cs
137Cs
234U
235U
236U
238U
237Np
238Pu
239pu

2 4 0 Pu
2 4 1Pu
24 2 p u

241 Am

Experiment
(bam"1 cm"1 )

7.140-10"8

3.240-10-5

4.860-10"5

3.700-10"7

1.930-10-5

5.530-10~5

3.10010-6

9.11010"5

9.460-10"5

2.096-10"2

1.2OO1O-5

6.83 MO"6

1.10310"4

6.408-10"s

2.560-10"5

2.100-10-5

9.590-10"6

A
SCALE-
ORIGEN
Yes
Power

5.685
1.042
1.136
4.957
1.028
1.009
0.991
0.928
0.985
0.999
0.965
0.889
1.028
0.971
0.992
0.973
0.898

B
SCALE-
ORIGEN
Yes
Flux

5.655
1.038
1.131
4.913
1.027
1.002
0.996
0.944
0.985
0.999
0.959
0.880
1.028
0.968
0.989
0.961
0.896

C
SCALE-
FISPACT
Yes
Flux
C/E values

2.832
0.928
1.147
3.489
0.940
0.961
0.988
0.941
0.985
0.999
0.969
0.896
1.036
0.976
0.998
0.968
0.904

D
SCALE-
ORIGEN
No
Power

5.688
1.043
1.134
4.957
1.024
1.009
0.988
0.919
0.984
0.999
0.974
0.893
1.016
0.970
0.983
0.976
0.889

E
WIMS-
ORIGEN
No
Power

5.670
1.044
1.137
4.913
1.025
1.007
1.003
0.925
1.002
0.999
0.880
0.826
1.022
0.959
0.978
0.961
0.885
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CONCLUSIONS AND FURTHER WORK

OCTOPUS is a new burnup and criticality code system, which combines the best properties of the
SCALE4.1, WIMS7 and MCNP4A code packages with those of the ORIGEN-S and FISPACT4.2
codes. In this way we are able to perform accurate burnup and activation calculations in
complicated three-dimensional geometries. Burnup calculations are performed by executing
different modules one after the other, each performing a specific task. So, there is the PSEUDO
module calculating the cross sections of the dynamic pseudo nuclide for each zone specified as
being 'burnable', the SPECTRUM module calculating the resonance-shielded cross sections and
neutron fluxes in the geometry and the BURNUP module performing the burnup calculations
for each burnable zone.

The validation of the OCTOPUS code system is in progress. At the moment, atomic densities
in spent fuel are calculated and compared with the measured values. Validation of the system
for accurate decay heat calculations is foreseen in the near future.

The OCTOPUS system will be used in the near future for the calculation of nuclide invento-
ries in accelerator-driven subcritical reactors (MCNP-ORIGEN calculations), for the calculation
of pseudo fission products in CAPRA fast reactors (MCNP-FISPACT) and for the calculation of
the atomic densities and the fission power of a sample containing americium in an inert matrix
irradiated in the Petten High Flux Reactor. Furthermore, OCTOPUS will be used for studies on
transmutation of plutonium and minor actinides in High Temperature Gas-cooled Reactors.
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