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ABSTRACT
Serpent has recently been implemented with a novel functional expansion tally (FET) as
an alternative to tallying events occurring in specifically defined bins. Test calculations
were performed to assess the potential of FETs as a replacement to bin-based tallies especially in the context of transferring fuel rod power distributions to 1.5D fuel performance
codes in coupled neutronics and fuel thermo-mechanics calculations. Power distributions
obtained with FETs were compared to fine resolution reference results obtained with binbased tallies using a significant amount of simulated neutron histories, with the aim of
confirming whether FETs can capture the power distributions accurately in selected cases
consisting of a fresh UO2 fuel rod with and without burnable absorber and of a rod located
next to a partly inserted control rod. Our results showed that even low-order FETs can
provide accurate axial and radial power distributions in the case of a fresh UO2 rod, but
even relatively high-order FETs experience problems in capturing the power profiles correctly in the more demanding cases with steep gradients in the flux shape. In these cases
the FETs provided power distributions that visibly oscillate around the reference solution,
even producing negative values at low power levels. Thus, it was concluded that FETs
need to be used carefully especially when used to provide input data to external solvers.
KEYWORDS: Reactor physics, Monte Carlo, functional expansions, FET, Serpent

1. INTRODUCTION
Several interdependent physical and chemical processes working at different spatial and temporal
scales take place in a nuclear reactor core. Analysis tools aiming at accurately predicting the
behaviour of a reactor thus need to include at least the most dominant couplings between the
different physics to account for the feedbacks between them. Coupled solution of the different
fields, like neutronics and thermal-hydraulics, is nothing new as such, but during recent years it
has become feasible to extend the applicability of high-fidelity neutronics methods, such as Monte
Carlo (MC), even towards more industry-like applications [1], thus also resulting in coupling it
with various other solvers covering thermal-hydraulics and fuel thermo-mechanics.
The main output from a neutronics solver to other solvers in a coupled multi-physics calculation is
the power production and its distribution in the reactor core. Obtaining spatial power distributions
from MC reactor physics codes, such as Serpent [2] that is used in this work, is typically based on
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dividing the geometry into spatial volumes or bins, and then scoring the discrete events associated
with a specified energy release occurring in each of the bins. Due to the statistical nature of the MC
method it will require scoring a significant number of events in a bin to obtain enough statistics for
accurate results. Increasing the bin resolution to obtain a smoother distribution will also require
increasing the amount of neutron histories in the simulation to reduce the statistical variance in the
now smaller bins, thus leading to an increased simulation time.
Serpent has recently been implemented with the capability to use a functional expansion tally
(FET) as an alternative to the more conventional bin-based tally [3,4]. Contrary to bin-based tallies,
FETs can be used to obtain continuous distributions of scalar quantities defined by a relatively
small set of polynomial coefficients and thus seem as a tempting means to transfer data between
codes in coupled calculations. It has also previously been demonstrated that FETs can outperform
bin-based tallies in convergence rate at least in some select cases [4,5].
We assess the potential of FETs as a replacement for bin-based tallies in obtaining fuel rod power
distributions in Serpent 2 especially in the context of coupled calculations between Serpent and
1.5D fuel performance codes, for which Serpent would provide radial power distributions in several
axial slices along the rod length. As the MC neutronics completely dominate the solution time in
such calculations, replacing the bin-based tally with a FET could potentially lead to the reduction
of the overall solution time. At this stage, we focus our investigation in finding out whether FETs
are actually able to provide accurate power distributions in selected cases, starting with a simple
case of a fresh UO2 fuel rod but also testing FETs for a rod with burnable absorber (BA) and a
rod located next to a partially inserted control rod; both cases where steep gradients in the power
distribution are expected.
2. FET POWER TALLIES IN SERPENT
With the FET approach, instead of scoring events in spatial bins, events are scored on an orthogonal
basis of polynomial functions. Suitable basis functions for tallying power distributions in fuel rods
are Legendre and Zernike polynomials, which together can provide a continuous three-dimensional
power distribution in a cylindrical rod. Legendre polynomials can be used in cartesian space, thus
suitable to represent the axial component z in a cylindrical coordinate system, where they are
defined between −1 ≤ z ≤ 1. One expression for obtaining a Legendre polynomial of order i is
given as [6]
r
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Zernike polynomials are two-dimensional orthogonal polynomials on a unit disc, that is, functions
of radius r and azimuth angle θ defined between 0 ≤ r ≤ 1 and 0 ≤ θ ≤ 2π. A Zernike polynomial
of order n and rank m for even n − m and n ≥ m is given as [6]
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FETs in Serpent 2 can be used either with the detector card or through the multi-physics interface
(currently only in Serpent 2 beta versions). In this work we utilise FETs through the multi-physics
interface due to our objective to eventually utilise FETs for coupled calculations that make use of
the interface. Serpent writes the polynomial coefficients in a separate output file after the neutron
transport simulation has finished. A coefficient c is written for each combination of Legendre and
Zernike polynomial orders and ranks, thus, for example, an FET with 3rd order Zernike and 4th
order Legendre polynomials results in a total of 50 coefficients. The polynomial functions can then
be evaluated at discrete points of the solution space to obtain physical values as
XX
f (r, θ, z) =
cij Zj (r, θ)Pi (z),
(4)
i

j

where now the order n and rank m of the Zernike polynomial are converted into single index j.
The power distributions are obtained as a post-processing step, in this case using a Matlab script
written for the purpose that reads in the coefficients cij from the Serpent output file and calculates
the function values as specified by Equation 4 at the mesh points of a spatially discretised rod.
3. CALCULATION MODELS
Three sets of test calculations are performed with Serpent 2 to assess the quality of the power
distributions obtained using FETs. In the first case the rod of interest consists of fresh fuel, in the
second case it additionally has gadolinium as a burnable absorber (BA) and in the third case the
rod is located next to a partially inserted control rod. Reference results against which the FET
distributions are compared to are obtained using bin-based tallies calculated using a fine bin mesh
resolution and a significantly large amount of neutron histories.
Each of the calculation cases is based on PWR fuel with the pellet radius of 0.4025 cm and the fuel
rod active length of 366 cm. A fuel rod has gas plenums, end plugs and small columns of water
defined both below and on top. A pitch of 1.26 cm is used between fuel pins when defined in square
lattice configurations. Material composition typical of Zircaloy-4 with the density of 6.56 g/cm3 is
defined for the metallic parts of the rod and the fill gas is set to be helium. Cross sections (JEFF
3.1.1) are evaluated at hot conditions with the fuel at 969 K and the coolant at 580 K.
The calculation model of a fresh UO2 fuel consists of a single fuel rod in a periodic square lattice.
Fuel enrichment is set at 3.0 wt-% of U-235 and the boron concentration in the surrounding water
to 2000 ppm. This simple case is calculated mainly to confirm the previously demonstrated [4]
good performance of FETs in a similar case with fresh fuel.
The case with BA consists of a rod with the same dimensions as the fresh UO2 case but now the fuel
(2.0 wt-% of U-235) also contains 5 wt-% of Gd2 O3 . In addition, the rod of interest is surrounded
by UO2 rods with 4.0 wt-% of U-235 to drive the gadolinium rod. Periodic boundary conditions are
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set for this 3×3 lattice, which is basically similar to the case with a control rod shown in Figure 1,
except for the top right corner position being occupied by a fuel rod instead of the control rod. This
case is defined to see especially how well the FET can capture the radial power distribution when
there is a steep gradient expected at the rim region of the fuel pellet combined with a relatively low
power density in the inner parts of the rod.
The last case consists of the same fresh UO2 fuel as in the first case. Now a 3×3 lattice of rods
is defined with one corner position used for a partially (1/3) inserted control rod and the rod of
interest being located next to it. A typical material composition of Ag-In-Cd is used for the control
rod. Reflective boundary conditions are set for the lattice shown in Figure 1. This case is defined
to see how well the FET can capture the axial power distribution when there is a clear deviation
expected from the simple cosine shape along the rod length.

Figure 1: Serpent mesh plot of the 3×3 pin lattice with a partially inserted Ag-In-Cd control
rod in the top right corner. The left-hand plot shows the lattice below the control rod with a
water hole and increased moderation, while the right-hand plot is from the top part of the
calculation geometry influenced by the absorptions in the control rod.

4. CALCULATION RESULTS
For presenting the results, the rod dimensions are normalized between -1 and 1 in the axial and
between 0 and 1 in the radial directions. The total power in the rod of interest is normalized to 1
in all cases.
4.1. Fresh UO2 Rod
First, the rod is divided into 100 axial bins of equal height as well as 100 radial bins resulting in
a total of 10 000 equivolume bins and a calculation is performed using 4 · 1010 neutron histories
to obtain a reference solution against which the FET solutions can be compared to. The reference
calculation produces smooth profiles for bot axial and radial power distributions as shown in Figure 2. Due to very small standard deviations (σ < 0.1 % in practically all bins) obtained for the
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bin power estimates, the error bars are not plotted as even the 3σ confidence intervals could not be
visually separated from the plotted mean values.
The next calculations are performed with a FET of 4th order Zernike (Z) and 5th order Legendre (L)
polynomials with increasing number of neutron histories. The corresponding axial power density
distributions are shown in Figure 2 (a). Although the FET provides a smooth cosine shape even
with a low number of neutron histories, it will take, in this particular case, roughly 108 neutron
histories to get the axial distribution to actually converge, such that further increasing the amount
of simulated neutron histories does not significantly change the solution. Now, simulating a 100
times more neutron histories aligns the profile only slightly closer to the reference solution.
Nevertheless, in the further calculations performed with varying FET order, a total of 1010 neutron
histories are used in the calculations to increase the confidence that any differences in the result
profiles should arise from the different FET order instead of insufficient statistics. The resulting
radial distributions obtained using different FET orders are shown in Figure 2 (b). These results
show that even the lowest order FET used can capture the form of the radial power density distribution well. Increasing the order only slightly improves the form near the center and periphery of
the fuel.
(a)

(b)

Figure 2: Axial (a) and radial (b) power density distributions of a fresh UO2 rod.

4.2. BA rod
Due to the radial power distribution being of more interest in the case of the BA rod, the rod
divisions in the radial direction are kept at 100 but the bins in the axial direction are reduced to 10
for the reference calculation. Thus, the calculation is also performed with 2 · 1010 neutron histories
which in this case produces reference results with very small statistical variance (σ < 0.1 % in
all bins) observed as a smooth distribution as can be seen in Figure 3. The shape of the power
distribution for a rod with burnable absorber differs from the rather parabolic profile of the regular
fresh fuel rod (see Figure 2 (b)) as the distribution is almost linear for a large part of the radius then
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inclining sharply at the rim.
The FET calculations were performed with different FET orders using 1010 neutron histories. One
of the cases was also calculated with 4 · 1010 neutron histories to confirm that the results no longer
change with increasing number of neutrons. This was confirmed true as can be seen in the overlapping red and dashed black curves in Figure 3. The FET solutions can be seen to oscillate around
the reference one with a decreasing amplitude as the FET order is increased. Still, even with
10th order polynomials, the oscillations are clearly visible. The lower FET orders also struggle in
capturing the slope and the maximum power at the outer boundary correctly. Higher FET orders
were not tested at this point and it should be mentioned that using a FET with 10th order Zernike
and 10th order Legendre polynomials already result in 726 polynomial coefficients increasing the
computational effort to expand the functions.

Figure 3: Radial power density distribution of a fresh fuel rod with gadolinium.

4.3. Rod Located Next to a Control Rod
The axial power density distributions calculated with different FET orders using 1010 neutron histories along with the reference distribution obtained with 4 · 1010 neutron histories are shown in
Figure 4. Now, due to the partially inserted control rod, the axial power density in the top part of
the rod is very close to zero until the effect of the control rod diminishes and the power distribution assumes a cosine shape for the bottom part of the rod. Again, FET solutions oscillate around
the reference one in the top part of the rod where the reference distribution assumes almost a flat
shape. Increasing the Legendre polynomial order decreases the amplitude of the oscillations, thus
improving the solution. What is especially noteworthy in this case, is that as the power is near zero
at the top part of the rod, the oscillating FET solutions also get negative values. With 20th order
Legendre polynomial the FET solution aligns itself quite well on top of the reference one, but still
the remaining oscillations yield negative values.
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Figure 4: Axial power density distribution of a fresh UO2 rod located next to a partially
inserted control rod.

5. CONCLUSIONS
We assessed the new FET capability in Serpent 2 testing it specifically through the multi-physics
interface, which has an FET interface type currently available as a beta feature. We performed test
calculations for cases that result in steep gradients in the neutron flux with the intention to reveal
how well the FETs perform in such cases. Our investigation was motivated by the possibility to
use FETs in place of the more conventional bin-based tallies especially in coupled calculations
where Serpent is used to provide fuel rod power distributions to external solvers, such as 1.5D fuel
performance codes. Our work at this stage focused on finding out whether FETs produce correct
power distributions when compared to reference results obtained with the traditional bin-based
tallies using a significantly high amount of neutron histories.
Our analyses confirmed that even relatively low order FETs can provide accurate power distributions in the simple case of fresh UO2 fuel, although one still needs to ensure that the profiles are
properly converged, that is, enough neutron histories are simulated. The more demanding cases
better revealed the nature of the underlying polynomial functions. The fuel rod with gadolinium as
a burnable absorber results in almost a linear power distribution shape for the major part along the
rod radius, and similarly, a control rod near the rod of interest results the top part of the rod to have
practically a flat profile and a near zero power. In these parts the FET distributions showed visible
oscillations around the reference solutions with amplitudes decreasing as FET order was increased.
In low power regions these oscillations may result in negative values, which needs to be taken into
account if the power distribution is to be transferred to an external code. Using too low FET orders
for a specific case can produce bad results due to the oscillations but also as they may be unable
to capture, for example, the maximum power values as was seen in the case of the BA rod. On
the other hand, using a high FET order results in a large number of coefficients and increases the
calculation effort required to expand the functions. One possible solution could be to divide the
geometry and use separate lower order FETs to capture the different parts of the profile, but this
would also require that the locations of the gradients are known beforehand. Using separate FETs
for different material regions would naturally be straightforward but in cases where the gradients
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manifest themselves inside a single material region, making subdivisions for FETs may not be as
trivial.
As a conclusion of our investigation, FETs are an attractive alternative for bin-based tallies due to
their capability to produce continuous power distributions. However, they need to be used carefully
especially in cases that are more complex than the ideal fresh UO2 pin, that is, practically in all
cases with practical relevance.
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