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Abstract. In this paper, a new C++ and Python library, called the Papillon Nuclear Data Library, is
presented. This library gives users a simple interface to read and interact with continuous-energy neutron
data in the form of ACE files. Using the library, one can easily evaluate or plot cross-sections for different
nuclides and reactions, or sample scattering distributions. Currently, all continuous-energy neutron physics
is implemented, and the library can read free-gas neutron and thermal scattering law ACE files. The
Python interface makes using nuclear data easy and accessible for students, while the C++ interface gives
experienced researchers easy access to continuous-energy physics when writing Monte Carlo codes to test

new computational methods.

1 Introduction

Currently, two internationally accepted nuclear data stor-
age formats are in use. The traditional and most widely
used is the ENDF-6 format [1]. All major data libraries
are distributed in this format, and its use is ubiquitous in
nuclear engineering, nuclear physics, and reactor physics
communities [2-4]. The ENDF-6 format does not store
nuclear data in a representation which is conducive to use
in a continuous-energy Monte Carlo transport code. Sec-
ondary energy and angle distributions are often stored in
representations which cannot be easily sampled to obtain
the outgoing energy and scattering angle after a collision.
Important data such as the Cumulative Distribution Func-
tion (CDF) are not provided, and the provided tabulations
for a Probability Density Function (PDF) may not be lin-
early interpolable. The cross sections for reactions in the
ENDF files distributed with major data libraries are gen-
erally kept as resonance parameters, and not as a linearly
interpolable set of points [1]. Due to these reasons, ENDF-
6 formatted files are generally not read directly for nuclear
data in Monte Carlo transport codes.

A new format for nuclear data files has recently been
developed, called the Generalised Nuclear Data Structure
(GNDS) [5]. The GNDS format makes many improve-
ments on the ENDF-6 format, such as allowing the stor-
age of energy and angle distributions in a format which
is more compatible with continuous-energy Monte Carlo
codes (although this is not required by the standard).

* e-mail: hunter.belanger@gmail.com

Some nuclear data libraries are now also distributed in
the GNDS format (such as ENDF/B-VIIL.0 and TENDL-
2021) [3,6], but these distributions are generally transla-
tions of the ENDF-6 formatted files, and therefore do not
contain data which is Monte Carlo ready. As GNDS is so
young, there is currently very little support for the format
in most software. While the FUDGE nuclear data process-
ing code does have support for GNDS [7,8], other major
codes such as NJOY and FRENDY do not yet support
the format [9,10].

Because not all necessary data for continuous-energy
Monte Carlo transport codes is provided in ENDF-6 files
(and in practice, is not available in the current GDNS files
either), most Monte Carlo codes use an alternative format
which contains cross sections that are linearly interpolable
and represent PDF's and CDF's in a format that lends itself
well to Monte Carlo sampling (typically piecewise linear
functions). The Monte Carlo code MCNP developed its
own file format for this purpose, which is referred to as
ACE (ACE being an acronym for A Compact ENDF) [11].
The official format for ACE files is essentially the MCNP
implementation, as ACE files were generally only intended
for use with MCNP. A description of this format is pro-
vided in the development manual of MCNP, but this is
typically not available to users. Despite the lack of publicly
available documentation, the ACE format has become an
extremely popular choice for many Monte Carlo codes.
Codes which use ACE files include Serpent [12], the open-
source Monte Carlo SCONE [13], and a plethora of others
[14-16).
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The popularity of the ACE format has likely been
driven by the ubiquitous use of MCNP, which has ensured
that most users have several ACE libraries at hand
already. Since MCNP is used so frequently in the field,
it has also become popular for other Monte Carlo codes
to compare their results to those obtained using MCNP.
Such a code-to-code comparison can be simplified if both
codes are using the same nuclear data files, as any sta-
tistically significant differences in results would therefore
be due to different approximations made in the physics at
hand. As the use of the ACE format has expanded, it has
become a “de facto” standard in the community, and a
publicly accessible document has now been produced out-
lining the format [17]. Currently, two open-source nuclear
data processing codes are available to produce ACE files
from ENDF-6 evaluations. NJOY is the more traditional
choice and can produce ACE files for incident neutrons,
photons, thermal scattering laws, and several different
charged particles [9,18]!. A newer option is the FRENDY
processing code, which can produce ACE files for incident
neutrons and thermal scattering laws [10].

This paper presents version 0.3.1 of the Papillon
Nuclear Data Library (PapillonNDL) [19]. PapillonNDL is
a free and open-source library which allows users to read
and sample ACE files for incident neutron data, and ther-
mal scattering laws. Being written in C++, PapillonNDL
can be used to write high-performance computing appli-
cations. Additionally, a Python API is provided, which
grants users access to all of the same functionality as in
the C++ APL

Continuous-energy nuclear data is invaluable in the
field of nuclear engineering and is used for nuclear reactor
calculations, radiation protection, and nuclear medicine.
Due to their importance, many aspects of nuclear data are
discussed and taught in nuclear engineering programs, at
the undergraduate and graduate levels. Most of these dis-
cussions are focused on continuous-energy cross-sections,
but may also include secondary energy and angle distri-
butions as well. Most classroom usage of nuclear data (if
any) is generally quite minimal and surface-level. A large
reason for this is limited access to continuous-energy data.
The Python interface of PapillonNDL gives students a way
to read ACE files in an easy and accessible programming
language, so that they can easily examine, plot, and use
continuous-energy neutron data.

Three alternatives exist to reading ACE files in
Python: PyNE [20], OpenMC [21], and ACEtk [22]. While
it is possible to make plots of cross-sections and scatter-
ing distributions with these three implementations, none
of them supports the sampling of secondary energy or
angle distributions. It is therefore impractical to use these
libraries when a user needs to sample scattering energies
and angles, as the user would need to implement all of the
sampling algorithms themselves. Outside of the Python
language, JANIS is a popular tool for plotting different
pieces of nuclear data (written in Java), but it is not
designed to be used as a library in other applications,
cannot read ACE files, and cannot sample scattering dis-

1 NJOY is the only official processing code for producing
ACE files to be used with MCNP.

tributions [23]. While it is also possible to plot data in
ACE files using NJOY, users have very little control over
the final appearance of such plots [9]. PapillonNDL pro-
vides a simple interface to users, making it easy to sample
scattering distributions (even elastic scattering) and plot
nuclear data. To the best of the author’s knowledge, it is
the only such stand-alone library which exists, for both
C++ and Python.

Most graduate students who study computational
methods in nuclear engineering will be required at one
point in time to write a small toy Monte Carlo code. Typ-
ically, these exercises are left to simple one-group problems
(or at most, a few groups), with isotropic scattering. Being
able to easily sample scattering distributions with Papil-
lonNDL using the Python API, students can easily write
toy Monte Carlo codes in continuous energy. A continuous-
energy code written in pure Python, however, would be
most probably too slow for high-performance comput-
ing applications. PapillonNDL’s Python API being made
available via pybind11 means all computations are actu-
ally performed in compiled and optimized C++, allow-
ing for reasonable computation times. Graduate students
are not the only ones however who find themselves writ-
ing small toy Monte Carlo codes; senior researchers often
write “disposable” Monte Carlo codes, as this is where the
development of new algorithms and ideas typically takes
place. PapillonNDL fills this niche as well, providing an
easy interface for researchers to write simple, disposable,
continuous-energy Monte Carlo codes, to test new compu-
tational methods in C++.

The remainder of this paper is structured as follows:
Section 2 describes the overall functionality of the library,
providing brief explanations of the main features and
classes. The process which has been used to verify the
correct function of the library is presented in Section 3,
in addition to an example Monte Carlo benchmark result.
Details on the development and distribution of the library
are provided in Section 4. Conclusions and future devel-
opment goals are outlined in Section 5.

2 Library structure and neutron physics

PapillonNDL is written in C++ and makes heavy use
of the object-oriented programming paradigm. Currently,
all continuous-energy neutron physics is supported by the
library. It is possible to read continuous-energy ACE files
for free-gas data, and make use of reaction cross sections,
scattering distributions, information about delayed neu-
tron families, and probability tables for the unresolved
resonance region. Additionally, it is also possible to read
the ACE files which contains thermal scattering laws,
and sample the three types of bound thermal scattering
laws which are generally considered in neutron physics.
In this section, we will cover the major functionalities of
the library and the important classes and interfaces which
users will likely need to interact with.

Free-gas continuous-energy neutron data is accessed
through the STNeutron class (ST standing for Sin-
gle Temperature). A STNeutron instance contains all
cross-sections, scattering distributions, fission data, and
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probability tables for a single nuclide, at a single tem-
perature. Many users have ACE libraries which were dis-
tributed with MCNP or Serpent. PapillonNDL has two
helper classes, MCNPLibrary and SerpentLibrary, which
can read each code’s respective cross-section directory file.
A user can then ask the library to load the STNeutron
instance for a particular nuclide and temperature. Alter-
natively, a STNeutron instance can be created directly
from an ACE file. While the library assumes ASCII ACE
files by default, one can also use binary ACE files. The ACE
class in PapillonNDL even provides a utility to convert an
ASCII ACE file to a binary ACE file for the system in
question?.

The total, elastic, and fission cross sections are stored
as CrossSection instances, directly in the STNeutron
object. Reaction-specific cross sections are stored in the
respective STReaction object, which also contains other
pieces of reaction specific information, such as the scat-
tering yield as a function of incident energy and the scat-
tering distribution. In the ACE format, all cross-sections
associated with a given nuclide/temperature combination
are stored on the same energy grid. In many classes of
neutron transport problems, the most time-consuming
portion of the Monte Carlo algorithm is the search for
the index of the energy grid that contains the energy
of the neutron [24]. To mitigate this problem, Papil-
lonNDL employs the energy-hashing algorithm on each
nuclide/temperature combination, as proposed by Brown
[25]. Previous studies have looked at different energy-grid
search strategies, and identified energy-hashing as likely
being the best compromise between speed and memory
usage [24].

For many resonant nuclides, it is impossible to know
the exact resonance parameters above a certain energy
threshold, as the resonances are too close to one another.
This region is referred to as the Unresolved Resonance
Region (URR), and in this energy window, the cross-
section values are only known statistically. In the ACE
format, the URR cross sections are represented using the
probability table method [9,26]. PapillonNDL will read the
URR probability tables, storing them in a URRPTables
instance, which is kept in the STNeutron object. A
user may sample cross-sections with the incident energy
and a single random number on the unit interval. The
URRPTables instance will then return an XSPacket, con-
taining the total, elastic, inelastic, absorption, fission, and
capture cross-sections, in addition to the heating num-
ber3. The provided random numbers may be stored by
the user, and reused to ensure that correlations are main-
tained when evaluating cross sections in the URR for the
same nuclide, but at different temperatures.

2.1 Scattering distributions

All scattering and absorption reactions (other than elastic
scattering and fission) are stored in the STNeutron object

2 Binary ACE files are not generally usable on all other com-
puters, as different systems can use a different “endianness”.

3 Heating numbers are used to simulate the amount of heat-
ing deposition and damage to materials.

and can be accessed via their respective MT number*. The
scattering distribution for each reaction, which is used to
sample the outgoing neutron’s energy and the cosine of
the scattering angle, is stored in the reaction’s STReaction
instance. Scattering distributions are accessed through the
interface of the abstract AngleEnergy class. To sample an
outgoing energy and scattering angle cosine, the incident
energy must be provided, in addition to a function which
generates pseudo-random double precision floating point
numbers, uniformly distributed on the unit interval. With
this interface, a user is free to supply whatever pseudo-
random number generator they desire, without needing to
recompile the library. It is up to the user to ensure that
their provided random number function will only gener-
ate values within [0,1). No checks are performed on the
sampled random numbers to ensure that they are within
this interval. If the random number function provides a
value outside this interval, the behaviour of the library is
not guaranteed and is undefined. A random number gen-
erator function is provided in the library and should be
suitable for most users’ basic needs should they not wish
to provide their own.

The ACE format contains many different possible rep-
resentations of scattering distributions [17]. Currently, the
following scattering distributions are supported:

uncorrelated.

Kalbach-Mann.

Tabular Energy-Angle.

N-Body Phase Space Distribution.

For uncorrelated distributions, the angular distribution
is sampled independently from the energy distribution.
Some of the energy distributions described in the ACE
specification are legacy or do not appear in any mod-
ern evaluations, and have not been implemented. The
correlated Laboratory Angle-Energy distribution is not
implemented either, as it does not appear in any modern
evaluation. In both the ENDF and ACE formats, reactions
may store their scattering distributions in the centre-of-
mass frame [1,17]. When this is the case, the distribution
is encapsulated inside a special CMDistribution distribu-
tion, which automatically converts the resulting scattering
information from the centre-of-mass frame to the labora-
tory frame. The users, therefore, do not need to worry
about performing this conversion themselves. Reactions
which do not emit any neutrons are given a special scat-
tering distribution, Absorption, which throws an excep-
tion when one tries to sample an energy-angle pair. Other
types of secondary particles (such as photons) are not yet
supported, but this feature is planned for the future when
photon physics is supported.

2.2 Elastic scattering
Elastic scattering is not treated in the same manner as

other scattering reactions, which are stored in STReaction
instances. Instead, a special class, Elastic, is stored in the

4 MT numbers are uniquely associated with different reac-
tions, according to the ENDF-6 format [1].
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STNeutron instance. Elastic inherits from AngleEnergy,
and it is, therefore, possible to sample scattering infor-
mation from an Elastic instance in the same manner
as for the distributions of other reactions. The reason
that elastic scattering is treated differently is that one
must consider the thermal motion of the target nucleus
when performing the kinematics calculations to sample
elastic scattering. This treatment to consider the temper-
ature effect on the scattering distribution is often referred
to as Doppler broadening®. Several algorithms exist to
perform the Doppler broadening of the elastic scatter-
ing kernel. Most Monte Carlo codes use the Sampling
Velocity of the Target nucleus (SVT) algorithm [28,29],
also sometimes referred to as the constant cross-section
(CXS) approximation [30]. This algorithm relies on an
approximation which is only valid when the elastic scat-
tering cross-sections are nearly constant with respect to
the incident energy. Rothenstein, however, has demon-
strated that the use of this algorithm on nuclides which
have resonances at low energies (such as 238U) yields incor-
rect results and proposed an exact treatment referred to
as the Doppler-broadening Rejection Correction (DBRC)
[31]. Subsequently, Becker et al. demonstrated that the
application of DBRC can have a significant impact on the
multiplication factor for criticality problems, leading to
differences as high as 360 pcm when compared to SVT
[32].

Due to the large effect that elastic scattering can have
on simulation results, PapillonNDL treats elastic scatter-
ing separately from other reactions, so as to give users
fine-grained control of the algorithm being used by the
Elastic class. On a nuclide-by-nuclide basis, one can
decide whether or not to use the target at rest (TAR)
approximation. The TAR approximation will be applied
for neutrons with incident energy

E > CgrkpT, (1)

kp being the Boltzmann constant, and T being the tem-
perature of the material (in kelvin). Cr is a positive
parameter which can be set by the user and can vary
for each nuclide. By default, PapillonNDL will allow the
TAR approximation to be used for all nuclides, with
Cr = 400. Users can also specify the use of either SVT or
DBRC for elastic scattering, by providing the appropriate
ElasticDopplerBroadener, which is responsible for sam-
pling the velocity of the target nucleus. The ElasticSVT is
used by default, as it requires no extra information beyond
that provided in ACE files for a given nuclide/temperature
combination. The DBRC algorithm requires the elastic
scattering cross section for the nuclide at 0K. If users
have this cross section (either from another ACE file, or
elsewhere), it may be used to construct an ElasticDBRC
instance, which can be provided to the Elastic instance
of the nuclide. A Python example is provided in Figure 1,
demonstrating the use of both SVT and DBRC for 2¥U,

5 Doppler broadening also refers to the treatment of cross-
sections for use at different temperatures, taking into account
the thermal motion of the atoms in the material, assuming they
have the same velocity distribution as an ideal free-gas [27].

import matplotlib.pyplot as plt
%matplotlib inline
import pyPapillonNDL as pndl

# Load U238 data at @ Kelvin and 293.6 Kelvin
1ib = pndl.MCNPLibrary("/data/1ib86x/ace/xsdir")
U238 294K = lib.load STNeutron("U238", 293.6)
U238 OK = lib.load STNeutron("U238", 0.)

# Get Elastic scattering kernels
elastic_svt = U238 294K.elastic()
elastic_dbrc = U238 OK.elastic()

# Turn off Target-at-Rest approximation
elastic_svt.set use tar(False)
elastic_dbrc.set use_tar(False)

# Change temperature for @ Kelvin instance and apply DBRC

elastic_dbrc.set temperature(293.6)

elastic_dbrc.set elastic_doppler_broadener(
pndl.ElasticDBRC(U238 @K.elastic xs())

)

# Incident energy 36.25 eV
Ein = 36.25E-6

# Sample SVT Energy

energy svt = []; energy dbrc = []

for i in range(1000000):
# Sample scattering angle and energy
ae svt = elastic_svt.sample angle energy(Ein, pndl.rng)
ae dbrc = elastic dbrc.sample angle energy(Ein, pndl.rng)

# Convert sampled energy from MeV to eV
energy svt.append(ae_svt.energy * 1.E6)
energy dbrc.append(ae_dbrc.energy * 1.E6)

plt.hist(energy svt,label='SVT',bins=200,density=True, histtype='step')
plt.hist(energy dbrc,label='DBRC',bins=200,density=True,histtype='step')
plt.xlabel("Energy [eV]"); plt.ylabel("PDF [1/eV]")
plt.legend(loc="upper left')

plt.show()

2.00 A
DBRC
1.75
1.50
1.25 A

1.00 A

PDF [1/eV]

0.75 A
0.50 -

0.25 -

0.00 7 — T T T T T
35.00 35.25 35.50 35.75 36.00 36.25 36.50 36.75 37.00
Energy [eV]

Fig. 1. Example Jupyter notebook using PapillonNDL’s

Python API to compare elastic scattering for a 36.25eV neu-
tron sampled using both SVT and DBRC off of 238U.

and the resulting differences in the scattering kernel near
a low-energy resonance.

2.3 Fission data

Fission, like elastic scattering, is somewhat unique and
is treated differently from other reactions in Papillon-
NDL. A Fission class provides access to the prompt
neutron spectrum, in addition to the prompt, total, and
delayed neutron yields per fission, all given as functions
of the incident energy. The information such as the decay
constant, probability, and emission energy spectrum are
provided for each delayed family in a DelayedFamily
class. Most evaluations provide the average prompt
fission spectrum directly, using MT 18. Occasionally,
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however, evaluators will instead choose to provide the data
for first-chance, second-chance, third-chance, and fourth-
chance fission directly, in MT 19, 20, 21, and 38 respec-
tively. When this is the case, the total prompt spectrum
is reconstructed from these four reactions. Nuclides which
are not fissile still have a Fission class instance: there are
simply no delayed families and the fission yields are all set
to zero.

2.4 Thermal scattering laws

Only free-gas neutron data is stored in the STNeutron
class. To interact with thermal scattering laws which
contain the information for coherent elastic, incoher-
ent elastic, and incoherent inelastic scattering, the
STThermalScatteringlaw class is used. PapillonNDL
supports both the traditional discrete energies and cosines
representation for incoherent inelastic scattering and the
newer representation with continuous energies and dis-
crete cosines [9]. Each type of thermal neutron scatter-
ing channel is represented by an instance of the abstract
STTSLReaction class, which can be sampled in the same
manner as a scattering distribution, but can also be
queried for the cross-section value. While all thermal scat-
tering evaluations must contain incoherent inelastic scat-
tering, coherent and incoherent elastic may or may not
be present [1]. As such, PapillonNDL has been written in
such a way so that a user can still query the cross section
and scattering information for these reactions (even if they
are not present), without causing any errors or segmenta-
tion faults. The cross section in this case is simply guar-
anteed to be zero, while the scattering distribution will
throw an exception when sampled (like the Absorption
distribution).

3 Library verification

To verify that PapillonNDL correctly samples scatter-
ing distributions, from both free-gas and thermal scat-
tering laws, the library was tested on Lib80x and
ENDF80SaB2, the official ACE libraries prepared by Los
Alamos National Laboratory from ENDF/B-VIIIO for use
with MCNP [33]. When reading an ACE file, and con-
structing a STNeutron instance, PapillonNDL performs
many tests on the data, to ensure that the cross-sections
and scattering distributions are coherent. These tests
include: ensuring all cross-sections and PDFs are posi-
tive; CDFs must be in increasing order, starting at 0 and
ending at 1; other common-sense checks such as angle
cosines being in the [—1, 1] interval. PapillonNDL is able to
read all of the free-gas ACE files distributed with Lib80x,
except those for 22Na (at all temperatures), 115mCd (at all
temperatures), and 1*1Cd (at 0.1 K). For these ACE files,
PapillonNDL will throw an exception, due to failures of
the aforementioned checks. The reason for these failures
is as follows:

e a negative capture cross-section is present in the URR
probability tables for 1'1Cd at 0.1 K.

e An outgoing energy grid for the MT 91 scattering dis-
tribution for 1*™Cd is not sorted.

o Several of the URR probability tables for 22Na have
a CDF of 0 (while CDFs for scattering distributions
should start at 0, this is not the case for URR probabil-
ity tables).

The problems with ''Cd and ''°™Cd were previously
unreported. The Lib80x report mentions that negative
cross-sections had been found in the URR probability
tables for 22Na, but that the data had been reprocessed
without using URR probability tables [33,34]. However,
the 22Na ACE files appears to still contain the URR
probability tables. In addition to these unexpected errors,
many negative heating numbers were encountered in sev-
eral evaluations, but all had been previously mentioned
in the Lib80x release, and are caused by problems in the
original ENDF evaluations. To allow these evaluations to
be used by the user, the check for positive cross-sections
is not performed if it is indicated that the CrossSection
object is being used to contain heating numbers.

Many negative values for scattering PDFs were ini-
tially encountered in the distributions for incoherent
inelastic scattering. As the magnitude of these negative
values was quite small (typically around 1072%); it was
determined that such small negative values could simply
be set to zero. A threshold is used, where any negative
PDF value that is in the interval (—1071% 0] is set to
zero; all negative values for scattering PDFs in the inter-
val (—o0, —107%%] result in an exception being thrown.
Another error which was initially encountered was that
the discrete scattering cosines in the incoherent inelastic
distributions were often not sorted. This can be problem-
atic when applying the “smearing” operation to smooth
out the scattering angles so that they appear to be a
continuous distribution. Since these discrete angles are
all equiprobable, it was decided that simply sorting these
angles is an appropriate solution. With these adjustments,
PapillonNDL is able to read all ACE files for thermal
scattering laws which are distributed with ENDF80SaB2.
Attempting to read older libraries, such as ENDF71SaB
can lead to errors, however, as some of the provided dis-
crete cosines are outside the [—1, 1] interval. The only solu-
tion to this problem is to generate new ACE files for these
evaluations, as this problem has been fixed in more recent
versions of NJOY2016 [35].

3.1 Comparison with OpenMC

There is a small set of unit tests which are run automati-
cally during the development of the library, which makes
sure that underlying library functionality is properly func-
tioning. These tests ensure that performing table inter-
polations and sampling angular distributions are done
properly, and yield the expected results. Ensuring the
proper implementation of joint angle-energy distributions
is more difficult, however. Currently, instead of using
unit tests, two supplementary programs are provided with
PapillonNDL, allowing the user to directly sample a spec-
ified scattering distribution at a specified energy, using
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either PapillonNDL or OpenMC. Both programs write all
of the sampled energy and cosine pairs to a binary NumPy
file. These files are then read by a provided Python script
which then performs a Kolmogorov—Smirnov test on the
two data sets, verifying that PapillonNDL yields statisti-
cally equivalent results to OpenMC. After performing its
analysis on the two data sets, the Kolmogorov—Smirnov
test will return a p-value, which indicates the probabil-
ity that the two data sets were sampled from the same
probability distribution. In general, it is considered that
if the p-value for both energy and the cosine of the scat-
tering angle is greater than 0.05, then the distributions
are statistically equivalent. The one exception to this is
the distribution of coherent elastic scattering. The angu-
lar distribution for this reaction is a discrete distribution,
given as a function of the energies of the Bragg edges for
the material. PapillonNDL stores all energy quantities in
units of MeV, while OpenMC uses units of eV. This units
conversion slightly changes the floating-point representa-
tion of the Bragg edges, and therefore also slightly affects
the discrete distribution for the scattering angle. This
slight difference in a discrete distribution will often cause
the Kolmogorov—Smirnov test to fail, despite the distri-
butions being equivalent. For this case, it is just ensured
that the two distributions appear to be equivalent upon a
visual examination of the two plotted distributions.

When testing PapillonNDL, different nuclides and
reactions were independently examined. For a given
nuclide/reaction combination, several incident energies
were calculated, based on the threshold energy of the reac-
tion, and the maximum tabulated energy for the nuclide.
Each nuclide/reaction/incident energy combination was
used to sample a set of outgoing energy and cosine pairs
from PapillonNDL and OpenMC. These datasets were
then compared to ensure they were statistically equiv-
alent. It is impossible to present the results of all the
tests here, but a few different examples of such com-
parisons are provided in this paper. Figures 2-5 depict
the comparisons for examples of Uncorrelated, Kalbach-
Mann, Tabular Energy-Angle, and NBody distributions
respectively. In general, an excellent agreement has been
observed between PapillonNDL and OpenMC.

The elastic scattering implementation in the two codes
is quite different. OpenMC will perform the kinematics
calculations directly on the particle in transport, chang-
ing the energy and direction directly. A cosine of the scat-
tering angle is not actually sampled (at least not in the
laboratory frame). PapillonNDL is agnostic to such con-
cepts and is meant to be used in any general Monte Carlo
code, or as a stand-alone distribution sampler. For elastic
scattering, PapillonNDL will perform a similar kinemat-
ics calculation, but on a “pseudo-particle” which is created
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internally, always with the same initial direction. After the
kinematics calculation has been performed, the outgoing
energy and scattering angle in the laboratory frame are all
that is returned. A comparison of the two DBRC implemen-
tations for elastic scattering is presented in Figure 6. An
example comparison of PapillonNDL and OpenMC for inco-
herent inelastic scattering off of 'H in light water is pre-
sented in Figure 7. In general, excellent agreement was
observed between both codes across the range of examined
energies.

3.2 Integral test on a continuous-energy Monte Carlo
benchmark

Previously, PapillonNDL has been used to add full
continuous-energy neutron physics to the MGMC multi-
group Monte Carlo mini-app [36]. The resulting contin-
uous energy Monte Carlo mini-app, named Chenille, is
able to perform fixed-source, k-eigenvalue, and neutron
noise calculations in continuous-energy, and general three-
dimensional geometries [37]. Several different continuous-
energy benchmarks have been examined using Chenille.
As a form of integral test for the Papillon Nuclear Data
Library, the ‘H; water-level’ configuration of the CROCUS
reactor benchmark has been examined [38]. Using ACE
files produced from the ENDF/B-VIIL.O evaluation [39],

processed using version 2 of FRENDY [10], a multipli-
cation factor of keg = 1.00249 £ 0.00002 was obtained.
Other studies have previously obtained multiplication fac-
tors of keg = 1.00249 & 0.000024 using TRIPOLI-4® | and
keg = 1.00253 4+ 0.000012 using MCNP5 using the same
data library [40]. Despite not having used probability
tables to treat the unresolved resonance region (a fine
approximation for a thermal system such as CROCUS),
the agreement between Chenille and these two previous
values is excellent. Figure 8 provides plots of the flux pro-
file for the benchmark obtained with Chenille.

4 Development and distribution

PapillonNDL is written in C++, using the recent C++20
standard. Features such as std: :span, std: :ranges, and
std: :source_location provide a rich set of features and
abstractions which facilitate development. Modules were
also introduced in C+4-20, but the library does not cur-
rently make use of this feature, due to the lack of uni-
form compiler support. The choice of C+420 helps ensure
the longevity of the project, as compiler support for this
standard will only increase with time. Currently, however,
it means that the choice of available compilers is rather
limited. On GNU/Linux and BSD systems, PapillonNDL
has been successfully compiled with GCC 11, GCC 12,
and Clang 15 when using libstdc++ (libc++ does not yet
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EPFL, simulated using the Chenille Monte Carlo mini-app, with
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support all required C++20 features). It is also possible
to build PapillonNDL on Windows systems using MSVC
version 19.29 or higher. In addition to a sufficient C++20
compiler, CMake is also required, as it is the build system
used for the project. No other dependencies are required
to build PapillonNDL if one only intends to use the C++
APL

The Python API is generated using the pybindll
library. This dependency is automatically downloaded by
CMake if the Python bindings option is enabled. Addition-
ally, Python must also be installed on the system, with the
required development header files. Each class in the library
has bindings which make it possible to use the exact same
C++ interface from within Python, resulting in one uni-
form API for the two languages. Documentation is gener-
ated from the C++ source using Doxygen, and currently
also serves as the documentation for the Python API.

PapillonNDL is currently developed publicly on
GitHub, at https://github.com/HunterBelanger/
papillon-ndl, and 1is released under the GPL-
3.0-or-later  license. The documentation website,
with the full API description and wusage exam-
ples in both Python and C+4+ can be found at
https://papillon-ndl.readthedocs.io.

5 Conclusions and future developments

The Papillon Nuclear Data Library (PapillonNDL) is a
stand-alone C++ and Python library, which can be used
to read and interact with continuous-energy nuclear data
stored in ACE files. Currently, both free-gas data for neu-
trons, and thermal scattering law ACE files can be read by
the library, giving users access to all continuous-energy neu-
tron physics. It has been written with the express goal of
facilitating fundamental research and nuclear engineering
education. Experienced researchers will find utility in the
library, as the C++ interface makes it easy to implement
small continuous-energy Monte Carlo codes to test new sim-
ulation methods and algorithms, as part of the research pro-
cess. The Python interface makes it easy for students to gain
access to continuous-energy nuclear data. PapillonNDL is
distributed as free and open-source software, and can be
used on all major operating systems, making it a valuable
tool in the classroom. The implementation of the sampling
routines in the library has been tested by sampling sets of
scattering energy-angle pairs from both PapillonNDL and
OpenMC. Kolmogorov—Smirnov tests were used to check
that the two sampled sets were statistically equivalent. This
verification was performed using Lib80x, and for all distri-
butions which have been examined, an excellent statistical
agreement has been observed.

In the future, it is hoped that the development of
the library will continue. Short-term goals are focused on
improving the representation of thermal scattering laws.
Both incoherent elastic and incoherent inelastic scatter-
ing use discrete distributions for scattering angles [9]. By
using the Debye-Waller integral which is provided in the
ENDF files for thermal scattering laws, it is possible to
use a continuous distribution for the scattering angle in
incoherent elastic scattering [1]. It is also possible to use

the S(«, ) tables provided in ENDF files to generate a
representation for incoherent inelastic scattering which is
continuous in both energy and angle [41,42]. An interface
to perform Doppler broadening of cross sections is cur-
rently in development, and will hopefully be integrated in
the near future. In the long term, it is hoped that physics
for other particles will be added to the library, so that it
can handle photo-atomic, photo-nuclear, dosimetry, and
electron ACE files.
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