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Abstract — The measurement facility QUANTOM is being developed for the material analysis of radioactive
waste packed up in 200-L drums. QUANTOM enables a spatially resolved elemental analysis based on prompt
gamma neutron activation analysis. The evaluation of the spatially resolved gamma spectra relies on the
calculation of partial (n,vy) cross sections. Hereby, the neutron flux spectrum enters as a parameter, which
needs to be simulated in the full three-dimensional geometry of the measurement facility. To ensure that the
simulations can be carried out within an acceptable time frame, we use a deterministic neutron transport code
specially developed for this purpose based on the SPy approximation of the linear Boltzmann equation. The
following question arises: Does the approximation in the neutron transport model still allow a calculation of the
partial cross sections at a sufficient level of accuracy. Therefore, in this paper, we study the calculation of partial
cross sections in light of the approximation in the neutron transport model in the geometrical setting of the
measurement facility. In a simulation study we consider four typical matrix materials and compare cross sections
for all elements of the periodic table to reference results obtained by Monte Carlo simulations.

Keywords — Neutron transport model, SPy approximation, prompt gamma neutron activation analysis,

partial cross sections.

Note — Some figures may be in color only in the electronic version.

I. INTRODUCTION

For the storage of low-level and medium-level radio-
active waste in the German final repository Konrad,
a comprehensive documentation of the material composition
of the waste is required.’ Strict waste acceptance require-
ments were defined based on the results of a site-specific
safety assessment, which require the quantification of various
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This is an Open Access article distributed under the terms of the
Creative Commons  Attribution-NonCommercial-NoDerivatives
License (http://creativecommons.org/licenses/by-nc-nd/4.0/), which
permits non-commercial re-use, distribution, and reproduction in
any medium, provided the original work is properly cited, and is not
altered, transformed, or built upon in any way.

hazardous substances (e.g., mercury, cadmium, copper, or
arsenic).” The existing documentation is usually not suffi-
cient, especially for so-called historic waste.’

With the measuring system QUANTOM (Ref. 4), for the
first time, a technology is being developed that is able to
determine in a nondestructive manner the material composi-
tion of 200-L drums filled with radioactive waste. It utilizes
prompt gamma neutron activation analysis (PGNAA) to
identify all chemical elements. Neutrons are generated by
a deuterium-deuterium (D-D) neutron generator and moder-
ated by surrounding graphite such that a (mostly) thermal
neutron flux field is formed inside the waste drum. Atoms
inside the measurement facility interact with free neutrons,
resulting in the emission of element-specific (even isotope-
specific) gamma radiation.’ Spatially resolved gamma spec-
tra are acquired during the measurement process by two
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symmetrically mounted high-purity germanium detectors. By
rotation and vertical translation of the waste drum inside the
measurement chamber, the surface is completely and disjunc-
tively scanned by the detectors at discrete positions. A joint
evaluation of the spectra is used to reconstruct spatial element
distributions within the waste drums. Therefore, the drum
content is discretized into smaller subvolumes of the drums,
called “sectors” in this paper. The gamma emission at a given
characteristic energy emitted from each sector is given by the
element mass in this volume, the partial (r,y) cross section,
and the incident neutron flux. By also including photon
transport and summing over all disjunct sectors, one obtains
a model for the measured signal. The reconstruction of spa-
tially resolved element masses can then be interpreted as an
inversion of this model.

The evaluation of the spatially resolved gamma spec-
tra hence relies on the calculation of spatially resolved
partial (n,y) cross sections in all sectors of the waste
drum. Hereby, the neutron flux spectrum enters as
a parameter, which needs to be simulated in the full three-
dimensional (3-D) geometry of the measurement facility.

In contrast to classical instrumental neutron activa-
tion analysis at research reactors,” where the sample mass
is small and the neutron flux is approximately homoge-
neous in the sample volume, the interactions of the sam-
ple material with neutrons cannot be neglected or
corrected by a simple factor. The complex geometry of
the measurement facility suggests the use of Monte Carlo
methods, but for the practical application, their perfor-
mance is insufficient. The inversion method iterates over
the material composition, and a full neutron transport
simulation is necessary for each measurement position
in every iteration, accounting for hours of simulation
time per iteration. To ensure that the simulations can be
carried out within an acceptable time frame for a large-
scale industrial application, we use a deterministic neu-
tron transport code specially developed for this purpose
based on the SPy approximation of the linear Boltzmann
equation. This code is called SPy Approximation for
Remnant Characterization (SPARC). It solves the multi-
group SP; or SP; approximation to the linear Boltzmann
equation using a finite element numerical scheme. For the
implementation of the corresponding solver, we rely on
the software package FEniCS (Ref. 6).

Since the neutron spectra in the measurement facility
are not strictly thermal, the diffusive SPy approximations
that we used are not perfectly suited to determine neutron
transport at the highest order of accuracy. On the other hand,
computational efficiency, user-friendly implementation, and
the possibility to handle complex 3-D geometries are impor-
tant factors when choosing the deterministic transport
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model. This can be achieved using SPARC for the simula-
tion of neutron transport. The following question arises:
Does the approximation in the neutron transport model
still allow a calculation of the partial cross sections at
a sufficient level of accuracy? Therefore, in this paper, we
study the applicability of diffusive SPy approximations in
partial cross sections for PGNAA in the geometrical setting
of the facility. In a simulation study we consider four typical
matrix materials and compare cross sections for all elements
of the periodic table to reference results obtained by Monte
Carlo simulations.

To the authors’ knowledge, the only other approach to
use a deterministic multigroup code for PGNAA is
described in Ref. 7, where the neutron transport simulations
are carried out with Attila.® However, the main focus there
lies on a new method for generating multigroup neutron-
photon cross sections that is verified for a series of simple
benchmark problems. The applicability of an approximate
neutron transport model in the calculation of partial (7,y)
cross sections was not a subject of the study.

The structure of this paper is as follows. In Sec. Il we
define the partial cross sections as the quantity of interest
and recall the underlying neutron transport theory.
Section III is dedicated to the numerical method, geome-
trical setup, and implementation details. Computational
results regarding the applicability of the approximate
neutron transport model in computing the quantity of
interest are presented in Sec. IV, for which simulation
studies with four typical matrix materials were carried
out. This is followed by a conclusion in Sec. V.

II. NEUTRON TRANSPORT AND CROSS SECTIONS

In PGNAA, gamma lines with given energies are
detected in order to identify elements. An important
quantity for the evaluation of gamma spectra to quantify
element masses is partial (n,y) cross sections. In order to
compute these cross sections, it is necessary to determine
the neutron flux first. The multigroup form of the neutron
transport equation for fixed-source problems is given by

(Q -V + Z;g(x7 Q))d)g(xa Q)
G ,
=Y T e @ a2 + 0. 9)
g=1 4n :
(1)
where
$%(x, Q) = group flux
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¥ (x, Q) = total cross section of group g

Efg' (x,Q - Q) = group-to-group  scattering

section.

Cross

The angular discretization is carried out by applying the
SPy approximation, originally introduced by Gelbard’ in an
ad hoc way. A strict derivation of the SP; equations based on
variational analysis can be found in Ref. 10. This derivation
also yields the appropriate boundary and material-interface
conditions. A detailed review of the theory underpinning the
SPy equations can be found in Ref. 11. The results shown in
Sec. IV are obtained using either the SP; or the SP; equations.
The SP; equations in the case of an isotropic source and
isotropic scattering read as

- 835 () + 205(0) + (5 — Z)d50) = O

and

(G N NS

((F = 2545 — 0%(x)) ,
(2)

9

where ¢7(x) and ¢5(x) are the zeroth and the second
Legendre moment of the neutron flux, respectively. The
source term Q%(x) is given by

O%(x) = ) = ¢(x) + Q) - (3)

g#g

The SP; equation, also widely known as the neutron diffu-
sion equation, is obtained from Eq. (2) by setting the higher-
order moments to zero. In order to define the partial (n,y)
cross sections, it is necessary to first introduce two auxiliary
quantities: the neutron energy distribution and the isotopic
capture cross section. The neutron energy distribution can
be defined as

o) = ) 4)
L%@M

For an incident neutron flux that is not monoenergetic,
the isotopic capture cross section is defined as

o = J:OG,-(E)U(E)dE, (5)
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where 6;(E) is the energy-dependent microscopic capture
cross section for the given isotope. The partial (n,y) cross
sections are then defined as

or, =1, -0 -0, (6)

where

o; = isotopic capture cross section

0 = natural abundance of the given isotope in the
element
Ig, = so-called intensity of the gamma line.

This can be interpreted as the number of photons with
energy E, emitted per capture. According to Ref. 12, the
energy dependence of the intensity in the thermal energy
range is negligible. The argumentation found there utilizes
previous work on neutron capture models, based on either
statistical theory'® or direct capture.'*'® The partial (n,y)
cross sections can be characterized as the probability of
producing a gamma ray with energy E, per atom of the
given element per neutron capture. Since the gamma lines
are characteristic for each isotope, PGNAA can in principle
identify single isotopes. In most applications including ours,
this is not needed; a reconstruction of the element masses is
sufficient. The natural isotope ratio also applies in our case,
so the natural abundance 6 is incorporated into Eq. (6) to
make sure that the partial (n,y) cross sections directly relate
the measured values and the masses of the elements. A more
detailed introduction of this topic can be found in Ref. 17.

[1l. METHODOLOGY AND MODEL DESCRIPTION

In order to solve the SP; and SP; equations for this
specific application, a special neutron transport code was
developed, as mentioned in Sec. 1. It is completely based on
open source libraries. For the spatial discretization of Eq. (2),
the finite element method was used since it features great
geometrical flexibility. An additional benefit is that the finite
element method works very well with Poisson-like equations,
in this case the odd-order SPy equations. The FEniCS
library®'® with PETSc (Ref. 19) as the linear algebra backend
is used for the implementation. It offers a large amount of
linear solvers and is complemented by hypre,20 a library of
high-performance preconditioners. For this work, a gmres
solver’ is used in conjunction with an algebraic multigrid
preconditioner.”? As a mesh generator, Gmsh (Ref. 23) is
used. The multigroup cross sections are computed using the
OpenMC Monte Carlo code.** It also yields the neutron flux
that is used for benchmarking purposes.

@ANS
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The geometric model used for both SPARC and
OpenMC is a simplification of the computer-aided-design
representation of the measurement facility. Figure 1 depicts
horizontal and vertical cross sections through the finite ele-
ment mesh used by SPARC. It shows the most important
components of the facility, namely, the neutron generator
(red), the graphite moderator (black), the drum (yellow),
and the outer radiation shielding (gray), as well as some air
gaps within the facility. Figure 1a also shows a drum sector
(green). As a future improvement it is planned to divide the
whole drum into 48 sectors with possibly different filling
materials in order to enable inhomogeneous drum fillings.
The model has a length of 219 c¢m, a width of 232 ¢m, and
a height of 273 cm. In reality, the facility is larger; however,
the parts outside the radiation shielding have a negligible
influence on the neutron flux in the drum. Monte Carlo
simulations show that only 0.55% to 0.56% of the neutrons
leave the modeled parts of the facility. The shielding consists
of highly absorbing borated polyethylene, so possible room
shine effects with neutrons that leave the facility and then
return are insignificant. The outer parts of the facility can
therefore be neglected for this study. The characteristic length
of each finite element is not larger than 2.5 cm, resulting in
a mesh of the measurement facility that consists of 3.88 mio.
finite elements. The exact size of the finite elements varies to
adapt better to the geometry, resulting in an unstructured
mesh. This ensures that the discontinuous transitions in the
cross sections on material interfaces are represented correctly.
Figure 2 depicts the picture section in the blue frame in
Fig. 1a in greater detail, showing how the finite elements
vary in size and form to adapt to the material boundaries.

Since there is no significant amount of transuranic
elements present in the measurement facility, we can

(a) Measurement facility: horizontal cross section
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Fig. 2. Picture section of Fig. la in greater detail. The
variation of the finite elements in size and form ensures
that the mesh preserves the geometric properties of the
model. The slice does not divide single finite elements,
and since the mesh is unstructured, not all finite elements
lie on the same height. The varying brightness of the
finite element facets indicates the different angles
between the image plane and the facets.

assume that there is no fission but that there is
a monoenergetic point source with an energy of
2.45 MeV, the energy of the D-D fusion in the neutron
generator. The neutrons are emitted isotropically. It is
also remarkable that the huge amount of graphite used
as a moderator causes strong upscattering even at room
temperature; the neutron flux with and without upscat-
tering differs by an order of magnitude for thermal
neutron energies.

In order to represent a wide variety of possible drum
contents, the simulations were carried out with four

(b) Measurement facility: vertical cross section

Fig. 1. Slice through the finite element mesh used by SPARC. Depicted are the drum content (yellow), a sector of the drum
(green), the neutron generator (red), the moderating graphite (black), the outer shielding (gray) and air gaps within the facility
(white). Figure 2 shows the picture section within the blue frame in greater detail.
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different filling materials. The chosen materials were
concrete, polyethylene, cast iron, and lead. The exact
material composition can be found in Ref. 25 under the
material numbers 97, 248, 162, and 271. The first two
materials have a relatively low density. They were chosen
since concrete is a filling that is used very often, while
polyethylene represents light mixed wastes quite well.
Cast iron and lead represent regular metallic and heavy
metallic materials, respectively. In the following discus-
sion, the drum consists mainly of one of these materials.
They serve as matrix materials, and small amounts of
other materials are embedded in this matrix. It is assumed
that the small amounts of other materials have
a negligible influence on the neutron flux, so the transport
calculations are carried out taking only the matrix mate-
rial into account.

After the neutron transport simulations are carried
out as described in Sec. II, the isotopic and the partial
(n,y) cross sections are calculated for each element using
the computed neutron energy distribution densities. In
the following discussion, the results for the gamma lines
with the highest op, for the respective element are
shown. It is reasonable to concentrate on these since
these are typically the best detectable and therefore the
most relevant ones for the practical application.

In this analysis, the isotopic and therefore partial
(n,y) cross sections are not computed for the full energy
range but are computed for three distinct energy ranges.
The first energy range includes neutrons with energies
smaller than 0.25 eV and is named the thermal region in
the following discussion. It is the most important energy
range since the high microscopic cross sections in this
region in combination with a neutron flux that is nearly
completely thermalized ensure that these energies have
a dominant influence on the final result. The second
energy range is named the resonant energy range and
includes neutrons with energies between 0.25 eV and
1 MeV. The inclusion of the resonant energy range is
necessary in this case since the neutron flux is not fully
thermalized. For experiments at research reactors, where
the neutron flux is essentially a thermal one,*® resonant
neutrons can usually be neglected. Neutrons with ener-
gies greater than 1 MeV, here named fast neutrons, have
an insignificant influence on the final result. The
absorption cross sections in this region are by orders
of magnitude smaller than the cross sections in the
thermal energy range while the fast neutron flux in the
facility is also significantly smaller than the thermal
neutron flux. In the following discussion, the integration
boundaries in Egs. (4) and (5) are adjusted in order to

NUCLEAR TECHNOLOGY - VOLUME 00 - XXXX 2022

compute the cross sections for the thermal and resonant
energy ranges while the fast energy range is neglected
for the reasons mentioned above.

IV. RESULTS AND DISCUSSION

In this section, the results for the partial (n,y) cross
sections will be discussed for the application cases intro-
duced in Sec. III. The necessary neutron energy distribu-
tions were computed with the SPy neutron transport code
SPARC and with the OpenMC Monte Carlo code. The
purpose of this analysis is to show that the SPy approx-
imation, although having a higher model error than
Monte Carlo, is nevertheless appropriate for computing
og, for the evaluation of PGNAA spectra. In the follow-
ing discussion, the OpenMC solutions serve as reference
solutions for SPARC. All so-called errors are to be under-
stood as deviations of SPARC from OpenMC. The results
have been divided into two subgroups: materials with
lower density (Sec. IV.A) and dense metallic materials
(Sec. IV.B). The performance of SPARC and OpenMC is
compared in Sec. IV.C.

IV.A. Light Materials

Figure 3a shows the neutron energy density for a drum
filled with concrete, computed with both SPARC and
OpenMC. In Fig. 3b the relative deviation of the SPARC
results in comparison to OpenMC is depicted. For thermal
energies, the results for both codes are almost identical. The
deviation gets larger for higher energies, and it reaches its
maximum for fast neutrons where SPARC underestimates
the OpenMC flux by over 60%. For the application at hand,
the quantity of interest is not the neutron flux but rather the
partial (n,y) cross sections. However, these results show that
the SPy approximation is insufficient for a full neutron
transport simulation in this application case.

Figure 4a depicts the relative deviation of the thermal
partial (nm,y) cross sections computed with SPARC in
comparison to OpenMC as a histogram. The average
deviation of the values is only 0.10%. It jumps into the
eye that nearly all elements lie in the same bin. This is
plausible since the microscopic capture cross sections for
nearly all elements show the same functional behavior in
this energy range, namely, one divided by the square root
of the energy. In the thermal energy range, the partial
(n,y) cross sections computed with SPARC and OpenMC
are therefore almost indistinguishable. The results for the
resonant partial (n,y) cross sections are shown in Fig. 4b.
Because of the higher model error in the neutron flux

@ANS
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Fig. 3. Neutron energy density v(E) within a drum filled with concrete computed with OpenMC and SPARC.
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Fig. 4. Relative deviation of partial (n,y) cross sections for a drum filled with concrete computed with SPARC from OpenMC.

computed by SPARC, the average deviation for the reso-
nant partial (n,y) cross sections is also higher, namely,
7.55%. Since every element has a unique resonance
structure and therefore unique cross sections in this
energy range, the deviations for the different elements
are spread out over a broad energy range, which is
a strong contrast when compared with the results for
thermal energies.

When the integration in Egs. (4) and (5) are, as men-
tioned before, adjusted to compute the cross sections for the
thermal and resonant energy ranges separately, one sees that
the resonant energy density v,.;(E) computed with SPARC
overestimates OpenMC for smaller energies and underesti-
mates OpenMC for higher energies. Since smaller energies
have a higher impact on the resulting partial cross sections
due to higher cross sections and a higher absolute flux, an
overestimation for smaller energies leads directly to an
overestimation of the quantity of interest and therefore the
asymmetry as seen in Fig. 4b.

In order to judge the suitability of SPARC to compute
partial (n,y) cross sections for the application at hand, it is
necessary to introduce the reaction rate R, given by

@ANS

R= csEy,therm cDtherm + GEYJES (Dres 3 (7)

where

OF, therms OE, res = thermal and resonant partial (n,y)
cross sections, respectively

Dyerm, DPres = thermal and resonant neutron fluxes,
respectively.

The fluxes for this study are simulated; they will be
determined by measurement devices in the final evalua-
tion process.

The relative deviation of the reaction rates computed
with the partial (n,y) cross sections from SPARC com-
pared to the values computed with OpenMC for a filled
drum is depicted in Fig. 5. The average deviation is only
0.62%, with all outliers limited to the low single-digit
percentage range. This result shows that despite the
model error of SPARC when describing nonthermal neu-
trons, the (n,y) reaction rates can be computed with
a comparatively small error. Since the deviation between
SPARC and OpenMC is much smaller than the expected

NUCLEAR TECHNOLOGY - VOLUME 00 - XXXX 2022
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Fig. 5. Relative deviation of reaction rates computed
with the partial (n,y) cross sections from SPARC in
comparison to the values computed with OpenMC for
a drum filled with concrete.

measurement error of about 5% to 10%, the computation
of the partial (n,y) cross sections can be carried out with
the SP; method as implemented in SPARC as an alter-
native to the costly Monte Carlo computations.

In order to ensure that oz, not only can be averaged
over the complete drum but also can be computed locally,
the same computations have been carried out for a single
sector, as depicted in Fig. 1. The average errors in the (n,y)
cross sections in the thermal energy region were —0.31%
and —6.57% in the resonant energy region. The error in the
reaction rates was —0.56%. Thus, one sees a slight under-
estimation of the reaction rate whereas for the whole drum,
one sees a slight overestimation.

Since SPARC also enables SP; computations, it was
investigated whether a further improvement of the results
using the higher-order approximation is possible. With the
SP; approximation, the error in the thermal partial (7,y) cross
sections is 0.11% while it is 8.59% for resonant energies. The
error in the reaction rates is 0.71%. The error is slightly higher
than the error obtained using the SP; approximation.
However, since the deviations between both results are
much smaller than the model error, one should see both
methods as yielding indifferent results. Hereinafter, only the
SP; approximation will be used due to the better performance.

In this study, the group structure with 44 energy groups
from SCALE (Ref. 27) is used for the energy discretization. In
order to test its suitability, a convergence study has been
performed where the SPARC results are compared to the
OpenMC results for the respective group structure. The
results are shown in Table I. The energy group structures
with 22 groups and 88 groups are generated via uniting two

NUCLEAR TECHNOLOGY - VOLUME 00 - XXXX 2022

TABLE I
Influence of the Energy Discretization
Energy
Groups AOGE, therm AGE, res AR
22 3.40% 19.28% 4.51%
44 0.10% 7.56% 0.62%
88 0.10% 7.33% 0.61%

adjacent energy groups and dividing one group into two in
a way that the logarithmized width of both groups is the same,
respectively. The errors in the thermal and resonant cross
partial (n,y) cross sections, AGEg, serm and AGg, ., decrease
with a finer discretization, as well as the error in the reaction
rates AR. However, while the error is significantly reduced
when using 44 groups instead of 22, the improvement by
using 88 groups instead of 44 is minor. This shows that 44
groups are a good choice, and further refinement does not
reduce the error enough to justify the additional computa-
tional effort.

The results for the other light material, polyethylene,
are qualitatively identical to the results for concrete. The
sole difference is the smaller deviation of the SPARC
results in comparison to OpenMC, with an average devia-
tion of 0.03% for og, serm and of 6.90% for o, ,es. The
reaction rates differ by 0.39%.

IV.B. Metallic Materials

The partial (n,y) cross sections for lead are depicted
in Fig. 6. For thermal neutron energies, the average error
in the cross sections is 0.87%. Nearly all elements are
concentrated in a small area around the average error,
yielding a picture similar to concrete, although with
a larger error. For resonant neutron energies, the error is
14.87%, with the results for the different elements dis-
tributed over a broad area. Figure 7 depicts the error in
the reaction rates. The average error is 3.74%, with many
elements concentrated in the same bin, similar to con-
crete. In general, the error is larger than for concrete, but
this is expected. Lead has a much higher absorption cross
section, leading to a higher error of the neutron fluxes
computed with the SP; approximation and therefore the
partial (n,y) cross sections and reaction rates.

For cast iron, one obtains results that are qualitatively
similar to the results for lead. However, the errors are larger.
The errors in the partial (n,y) cross sections for the thermal
energy range are 1.70% and 15.40% for the resonant energy
range, resulting in an error of 8.35% for the reaction rates.

@ANS
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Fig. 7. Relative deviation of reaction rates computed
with the partial (n,y) cross sections from SPARC in
comparison to the values computed with OpenMC for
a drum filled with lead.

IV.C. Performance Comparison

The computations were executed on a cluster consist-
ing of AMD Ryzen Threadrippers 2950X, each with 32
cores. Since the OpenMC computations were executed on
nine nodes to reduce the total run time while the SPARC
computations were executed on one node, the run times
were converted to core hours. OpenMC as a Monte Carlo
code scales nearly linear; hence, the internode commu-
nication has only a minor influence on the run time, and
the core hours are well comparable. The run times are
shown Table II. The minimum speedup factor of SPARC
in comparison to OpenMC is 20 for polyethylene, getting
as large as 32 for lead. This shows that SPARC features
a significant performance improvement over OpenMC as
it is needed for this application.

@ANS

TABLE 11
Run Time Comparison in Core Hours
OpenMC SPARC Speedup
Material Run Time | Run Time Factor
Concrete 82432 h 3497 h 23.57
Polyethylene 803.68 h 40.57 h 19.81
Cast iron 787.20 h 26.50 h 29.71
Lead 918.64 h 28.64 h 32.08

V. CONCLUSION

This paper shows that partial (n,y) cross sections for
PGNAA can be computed with neutron fluxes obtained
using the SP; and SP; equations. SPARC, an internal
neutron transport code based on open source libraries,
was developed and validated with OpenMC. Despite the
relatively high model error for higher neutron energies,
the partial (n,y) cross sections can be computed with
sufficient accuracy. This is caused by the fact that the
model error in the thermal energy range is minimal and
the reaction rates are strongly dominated by the contribu-
tion of thermal neutrons. For lighter filling materials, the
most relevant application case, the average error in the
reaction rates is less than a single percent. For metallic
materials the error is larger, e.g., about 4% or 8% in the
test cases discussed above; however, it is still acceptable.
In practice, the drums will typically be filled with com-
pacted scrap metal instead of massive metal like in these
test cases. Because of technical limitations, for example,
in-drum compactors, the resulting density is expected to
be smaller than in the test cases shown. It is expected that
the error will also be smaller. The SPARC run time in the
test cases shown was 20 to 30 times better than OpenMC
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using the same compute cluster. It is expected that the
performance advantage of SPARC will be even larger
when applied to the more detailed models of the measure-
ment facility that will be used for future computations.

Acknowledgments

The work of K. K. was performed within the project
QUANTOM, funded by the German Federal Ministry of
Education and Research under grant number 15S9406B. The
work of A. J. was partially performed within the European
Regional Development Fund project ZEBRA, funded by the
European Union and the federal state of North Rhine-
Westphalia under the funding number EFRE-0800566. We
would also like to acknowledge the contribution of Jannick
Wolters and Christopher Helmes in the development of the
SPARC code, which was used to produce the numerical results
for this paper.

Disclosure Statement

No potential conflict of interest was reported by the authors.

ORCID

Alexander Jesser @ http://orcid.org/0000-0003-4424-0359

References

1. J. HOELSCHER et al., “Risks of Hazardous Substances in
Radioactive Waste for the Konrad Repository in
Germany,” Proc. Annual Waste Management Conf.
(WM2017), Phoenix, Arizona, March 5-9, 2017 (2017);
https://www.osti.gov/biblio/22802493  (current as of
Apr. 23, 2021).

2. P. BRENNECKE, “Requirements on Radioactive Waste for
Disposal (Waste Acceptance Requirements of
December 2014) - Konrad Repository,” SE-IB-29/08-REV-2,
BGE (2014); https://www.bge.de/fileadmin/user_upload/
Konrad/Wesentliche Unterlagen/Endlagerungsbedingungen
Konrad/Endlagerungsbedingungen Konrad Stand 12 2014.
pdf (current as of Apr. 23, 2021).

3. F. HIMMERKUS, R. STEINER, and L. DORR,
“Requalification of Historical Intermediate Level Waste
(ILW) for the Repository KONRAD on Basis of Non
Destructive Assay (NDA) and Re-Evaluated Nuclide
Vectors,” Proc. Annual Waste Management Conf.
(WM2015), Phoenix, Arizona, March 15-19, 2015;
https://www.osti.gov/biblio/22822805 (current as of
Apr. 23, 2021).

NUCLEAR TECHNOLOGY - VOLUME 00 - XXXX 2022

4.

10.

11.

12.

13.

14.

15.

16.

17.

18.

L. COQUARD et al., “Non-Destructive Material
Characterization of Radioactive Waste Packages with
QUANTOM,” Proc. Annual Waste Management Conf.
(WM2020), Phoenix, Arizona, March 8—12, 2020.

. R. LINDSTROM and C. YONEZAWA, “Samples and

Standards,” Handbook of Prompt Gamma Activation
Analysis, pp. 59-70, G. MIJOLNAR, Ed., Kluwer
Academic Publishers, Dordrecht, The Netherlands.

.M. ALNAS et al., “The FEniCS Project Version 1.5,”

Archive Numer. Software, 3, 100, 9 (2015).

. K. BURNS et al., “Multi-Group Transport Methods for

High-Resolution Neutron Activation Analysis,” Proc.
Int. Conf. Mathematics, Computational Methods and
Reactor  Physics (M&C2009), Saratoga Springs,
New York, May 3-7, 2009, American Nuclear Society
(2009).

. J. McGHEE et al., Attila User’s Manual, Vol. 15, Transpire
Inc. (2007).
. E. GELBARD, “Application of Spherical Harmonics

Methods to Reactor Problems,” WAPD-BT-20, Bettis
Atomic Power Laboratory (1960).

P. BRANTLEY and E. LARSON, “The Simplified P;
Approximation,” Nucl. Sci. Eng., 134, 1 (2000); https://
doi.org/10.13182/NSE134-01.

R. McCLARREN, “Theoretical Aspects of the Simplified
Pn Equations,” Transp. Theory Stat. Phys., 15, 2—4, 73
(2010); https://doi.org/10.1080/00411450.2010.535088.

H. CHOI et al., “Database of Prompt Gamma Rays from
Slow Neutron Capture for Elemental Analysis,” STI/PUB/
1263, International Atomic Energy Agency (2007).

J. BLATT and V. WEISSKOPF, Theoretical Nuclear
Physics, Wiley, New York (1960).

A. LANE and J. LYNN, “Theory of Radiative Capture in
the Resonance Region,” Nucl. Phys., 17, 563 (1960);
https://doi.org/10.1016/0029-5582(60)90146-2.

S. MUGHABGHAB, “Verification of the Lane-Lynn
Theory of Direct Neutron Capture,” Phys. Lett. B, 81,
2, 93 (1979); https://doi.org/10.1016/0370-2693(79)
90496-9.

S. MUGHABGHAB, M. LONE, and B. ROBERTSON,
“Quantitative Test of the Lane-Lynn Theory of Direct
Radiative Capture of Thermal Neutrons by '*C and '*C,”
Phys. Rev. C, 26, 2698 (1982); https://doi.org/10.1103/
PhysRevC.26.2698.

Z. REVAY and T. BELGYA, “Principles of the PGAA
Method,” Handbook of Prompt Gamma Activation
Analysis, G. MJOLNAR, Ed., Kluwer Academic
Publishers, Dordrecht, The Netherlands.

A. LOGG, K. MARDAL, and G. WELLS, Automated
Solution of Differential Equations by the Finite Element
Method, Springer (2012).

@ANS


https://www.osti.gov/biblio/22802493
https://www.bge.de/fileadmin/user_upload/Konrad/Wesentliche_Unterlagen/Endlagerungsbedingungen_Konrad/Endlagerungsbedingungen_Konrad_Stand_12_2014.pdf
https://www.bge.de/fileadmin/user_upload/Konrad/Wesentliche_Unterlagen/Endlagerungsbedingungen_Konrad/Endlagerungsbedingungen_Konrad_Stand_12_2014.pdf
https://www.bge.de/fileadmin/user_upload/Konrad/Wesentliche_Unterlagen/Endlagerungsbedingungen_Konrad/Endlagerungsbedingungen_Konrad_Stand_12_2014.pdf
https://www.bge.de/fileadmin/user_upload/Konrad/Wesentliche_Unterlagen/Endlagerungsbedingungen_Konrad/Endlagerungsbedingungen_Konrad_Stand_12_2014.pdf
https://www.osti.gov/biblio/22822805
https://doi.org/10.13182/NSE134-01
https://doi.org/10.13182/NSE134-01
https://doi.org/10.1080/00411450.2010.535088
https://doi.org/10.1016/0029-5582(60)90146-2
https://doi.org/10.1016/0370-2693(79)90496-9
https://doi.org/10.1016/0370-2693(79)90496-9
https://doi.org/10.1103/PhysRevC.26.2698
https://doi.org/10.1103/PhysRevC.26.2698

10

19.

20.

21.

22

23.

JESSER et al. - PARTIAL CROSS-SECTION CALCULATIONS FOR PGNAA

S. BALAY et al., “PETSc Users Manual,” ANL-95/11, Rev.
3.14, Argonne National Laboratory (2020).

R. FALGOUT and U. MEIER YANG, “Hypre: A Library of
High Performance Preconditioners,” Proc. Int. Conf.
Computational Science, Amsterdam, The Netherlands,
April 21-24, 2002, Springer (2002).

Y. SAAD and M. SCHULTZ, “GMRES: A Generalized
Minimal Residual Algorithm for Solving Nonsymmetric

Linear Systems,” Siam J. Sci. Stat. Comput., 7, 3, 856
(1986); https://doi.org/10.1137/0907058.

.J. RUGE and K. STUBEN, “Algebraic Multigrid,”

Frontiers in Applied Mathematics Multigrid Methods,
Vol. 3, pp. 73-130, S. McCORMICK, Ed., Society for
Industrial and Applied Mathematics.

C. GEUZAINE and F. REMACLE, “Gmsh: A
Three-Dimensional Finite Element Mesh Generator with
Built-In  Pre- and Post-Processing Facilities,” Int.

@ANS

24.

25.

26.

27.

J. Numer. Meth. Eng., 79, 11, 1309 (2009); https://doi.org/
10.1002/nme.2579.

P. ROMANO et al., “OpenMC: A State-of-the-Art Monte
Carlo Code for Research and Development,” Ann. Nucl.
Energy, 82, 90 (2015); https://doi.org/10.1016/j.anucene.
2014.07.048.

R. McCONN et al, “Compendium of Material
Composition Data for Radiation Transport Modeling,”
PNNL-15870, Rev. 1, Pacific Northwest National
Laboratory (2011).

R. LINDSTROM and Z. REVAY, “Beams and Facilities,”
Handbook of Prompt Gamma Activation Analysis, pp.
31-58, G. MJOLNAR, Ed., Kluwer Academic Publishers,
Dordrecht, The Netherlands.

W. WIESELQUIST, R. LEFEBVRE, and M. JESSEE,
“SCALE Code System,” ORNL/TM- 2005/39, Version
6.2.4, Oak Ridge National Laboratory (2020).

NUCLEAR TECHNOLOGY - VOLUME 00 - XXXX 2022


https://doi.org/10.1137/0907058
https://doi.org/10.1002/nme.2579
https://doi.org/10.1002/nme.2579
https://doi.org/10.1016/j.anucene.2014.07.048
https://doi.org/10.1016/j.anucene.2014.07.048

	Abstract
	I.  INTRODUCTION
	II.  NEUTRON TRANSPORT AND CROSS SECTIONS
	III.  Methodology and Model Description
	IV.  RESULTS AND DISCUSSION
	IV.A.  Light Materials
	IV.B.  Metallic Materials
	IV.C.  Performance Comparison

	V.  CONCLUSION
	Acknowledgments
	Disclosure Statement
	References

