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Abstract

An accurate description of interactions between thermal neutrons (below 4 eV) and materials is key to
simulate the transport of neutrons in a wide range of applications such as criticality-safety, reactor physics,
compact accelerator-driven neutron sources, radiological shielding or nuclear instrumentation, just to name
a few. While the Monte Carlo transport code Geant4 was initially developed to simulate particle physics
experiments, its use has spread to neutronics applications, requiring evaluated cross-sections for neutrons
and gammas between 0 and 20 MeV (the so-called neutron High Precision -HP- package), as well as a
proper offline or on-the-flight treatment of these cross-sections. In this paper we will point out limitations
affecting Geant4 (version 10.07.p01) thermal neutron treatment and associated nuclear data libraries, by
using comparisons with the reference Monte Carlo neutron transport code TRIPOLI-4® | version 11, and we
will present the results of various modifications of the Geant4 neutron-HP package, required to overcome
these limitations. Also, in order to broaden the support of nuclear data libraries compatible with Geant4, a
nuclear processing tool has been developed and validated allowing the use of the code together with ENDF-
BVIIIL.0 and JEFF-3.3 libraries for example. These changes should be taken into account in an upcoming
Geant4 release.

Keywords: Thermal neutron, Thermal Scattering Law, Geant4, SVT method, TRIPOLI-4®, NJOY
processing

1 1. Introduction

2 The past few decades have seen a tremendous increase in the use of large-scale simulations and of Monte
s Carlo particle transport codes to tackle the always-growing accuracy required by the diverse needs of neutron
+ transport related problems, such as the ones met in the nuclear industry (e.g reactor physics or criticality-
s safety studies), in accelerator physics, and for medical or hybrid applications (e.g. the design of compact
s accelerator driven neutron sources). The accuracy of these large-scale particle transport simulations is
7 however ultimately conditioned by the quality of the nuclear data on which the codes rely as well as on
s the precision of the numerical methods they use. In particular, the accurate description of the neutrons

o slowing-down and thermalization is of paramount importance. Most of the actual Monte Carlo neutron
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transport codes distinguish three regimes of interactions between neutrons and target nuclei, depending on
the incoming neutron energy. For energies higher than few hundreds keV (fast spectrum), the neutrons
see the target nuclei as a fixed point -without motion, which legitimates the use of 0 K cross-sections. For
energies below a few hundreds keV but greater than a few eV (epithermal spectrum), neutrons see the
medium as a free gas of nuclei at thermal equilibium, with Maxwellian distribution of velocities. In this
approach, called the 'free gas approximation’ [1], the nuclear reaction occurs with the neutron/target relative
velocity. This is the origin of the nuclear resonance Doppler broadening and the well known associated
Doppler Broadening Rejection Correction method [2]. For energies below few eV (thermal spectrum), the
neutron energy and wavelength are respectively comparable to the chemical bound energies and the medium
inter-atomic distances. Consequently the neutron does not only interact with the nuclei but also with the
material as a whole. The scattering kernels taking into account all the molecular/material effects, known as
S(a,3) or thermal scattering law (TSL), are available in evaluated nuclear data libraries such as ENDF /B-
VII.1 [3], ENDF/B-VIILO [4], JEFF-3.3 [5], etc. They are based on molecular dynamics calculations and
experimental measurements. If molecular effects can be ignored or if TSL data are not available, the free
gas approximation is used. The accurate description of the target nucleus thermal motion and exhaustive
TSL data libraries are therefore keys to grasp slowing down and thermalization characteristics of thermal
and cold neutrons in various materials.

To this aim, the nuclear industry and nuclear engineering laboratories have been developing and using for
decades dedicated Monte Carlo neutron transport codes, relying on evaluated nuclear data and subsequent
nuclear data processing and treatment. Among these neutronics reference codes, MNCP (version 5 [6] and
6 [7]), SCALE [8], SERPENT [9], MORET (version 5 [10] and 6 [11]) or TriPOLI-4®[12] are validated
and qualified using inter-code comparisons (see for instance [13]) and large qualification data bases (using
either integral or differential experiments). Combined with a large user community, these codes hence
present coherent results in their respective qualification domains. In a different context, the open-source
Monte Carlo code Geant4 [14, 15] was originally designed for high-energy physics and was extended a few
years ago to transport low energy neutrons (below 20 MeV) using the neutron High Precision -HP- package.
Improvements are continuously made to this package to increase its precision such as in [16, 17, 18]. However
large discrepancies still remains whenever Geant4 is compared to neutronics reference codes and experiments,
that can be attributed either to the algorithm implemented in Geant4 to describe the free gas approximation
[19] or the way TSL data are dealt with [18].

This paper aims at identifying these inconsistencies and proposes developments within the Geant4
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neutron-HP package to correct them. It is organized as follow: in Section 2 the methodology is intro-
duced, based on the use of TRIPOLI-4®as a reference code and on the definition and use of two simple
neutron transport benchmarks (the homogeneous sphere and the thin cylinder). In Section 3, the Geant4
free gas approximation implementation is revised with the ”Sampling of the Velocity of the Target nucleus”
(SVT) algorithm [20] used in TRIPOLI-4®. Tts description and impact on Geant4 predictions are evaluated
and compared to TRIPOLI-4® . In Section 4 the corrections applied to Geant4 TSL data treatment are pre-
sented along with their impact on computing time. A nuclear data processing tool suited to the production
of updated and new TSL data is presented together with its validation using TRIPOLI-4®. Therefore in
addition to only have the possibility to use TSL data from ENDF/B-VIL.1 (dating back to 2011) in the
latest Geant4 version, new libraries can be used such as ENDF/B-VIIL.O and JEFF-3.3.

2. Methods: comparing Geant4 to TRIPOLI-4®on two benchmarks

TRIPOLI-4®is a continuous-energy radiation transport Monte Carlo code developed since mid-90s at
CEA-Saclay and devoted to shielding, reactor physics with depletion, criticality-safety and nuclear instru-
mentation for both fission and fusion systems. It is used as a reference code by the main french nuclear
companies [12] and benefits from a very large verification and validation database gathering more than 1000
experimental benchmarks (ICSBEP benchmarks [21], reactor physics experiments [22]) as well as from many
comparison to the US reference Monte Carlo code MCNP (see for instance [23]). It is qualified for various
applications (criticality-safety, burn-up credit, reactor physics, etc.), closely following the recommendations
of the french nuclear safety authority for nuclear safety demonstrations [24]. In the following, Geant4 version
10.07.p01 (G4) will be compared to a recent release of TRIPOLI-4® version 11 (T4).

In order to validate and to compare Geant4 accuracy against TRIPOLI-4® | we will resort to two sim-
ple benchmarks designed to grasp inconsistencies in the treatment of scattering kernels at thermal and
epithermal energies. These inconsistencies will be pointed out by calculating Geant4 relative errors w.r.t.
TRIPOLI-4® | highlighting differences through plots giving the (Geant4-Tripolid) /Tripoli4 ratio versus the
neutron incoming energy.

The ’microscopic’ benchmark, that we will refer to as the ”thin-cylinder benchmark”, allows to finely
probe the spectral and angular characteristics of the neutron having undergone exactly one collision [16].
It consists in a very thin cylinder having a 1 pm radius and 2 m length. A mono-energetic neutron beam
is sent along the cylinder axis. Since the cylinder radius is small compared to the neutron mean free-path,

after one collision the neutron leaves the cylinder, granting an access to the kinetics of the collision through

3
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ad hoc tallies of the energy and angle of the scattered neutron. In this benchmark the initial neutron energy
is set to 1078 MeV.

The 'macroscopic benchmark’, refered to as the ”sphere benchmark”, allows investigating the accuracy
of the neutron slowing-down and thermalization. It consists of a simple sphere made of a given material
with a mono-energetic and isotropic neutron source placed at its center. Only the neutron flux in the sphere
is tallied. The initial neutron energy is set to 10 eV in order to probe the end of the slowing-down process,
so as to investigate the transition between use of the nuclear cross-section above 4 ¢V and the TSL below 4

eV, and to probe the TSL.

3. Free gas approximation - SVT method

As mentioned in numerous articles [16, 19], one of the long standing issues related to the use of Geant4
neutron-HP package is connected to the observation of large discrepancies between Geant4 and reference
codes, originating from Geant4 implementation of the free gas approximation and affecting tallies below 1
eV for the vast majority of isotopes. In Geant4, the three target velocity components are sampled from
a Maxwellian distribution and then the velocity is accepted with a given probability. However as can be
observed in Figure 1 in comparing TRIPOLI-4® (black) and Geant4 original algorithm (red) predictions for
12C material discrepancies greater than 100 % are visible. The conclusion is that Geant4 algorithm does
not respect the thermal averaged reaction rate as in reference codes using the ”Sampling of the Velocity of
the Target nucleus” (SVT) algorithm to this end [20]. When an epithermal neutron with a velocity v, is
transported in a medium at a temperature T', it sees the material as a free gas of nuclei having a Maxwellian
velocity distribution M (7). The nuclear reaction uses an energy deduced from the neutron/target relative
speed Ur = ¥, — Ur. To compute the kinematics of the elastic reaction, the target velocity ||vr| and the

collision angle (cosf=p) have to conserve the thermal averaged reaction rate given by:

vn (0, T) = / ditro (v,) M (r) (1)

where (v, T) is the averaged microscopic cross section. The (||ur||, ) pair is sampled according to the

following joint probability distribution:

40’( N N _ 3242
por. 1) = 25 7 = 5l Bouge " )
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M

ST M is the target mass, kp the Boltzmann constant and C a normalisation constant. This

where 5 =

equation can be re-written as:

V02 + 02 = 2u,u7p
Up + VT

(0n + vr)BPvde Vi (3)
(B)

pvr, i) o

A)

The (|||, ) pair is sampled from equation 3 in three steps: (1) p is sampled uniformly in [-1,1], (2)
lur|| is sampled in equation 3 term B using algorithms detailed in [25] and (3) the pair (||vr||, ¢t) is accepted
according to the probability defined by equation 3 term A. If not, the routine is performed again. Once
a pair is accepted, the kinematics of the elastic reaction is completely defined. This SVT algorithm has
been implemented in the GetBiased ThermalNucleus method of the G4Nucleus class. Figure 1 presents its
results for the 2C sphere benchmark (green curve). The discrepancies between TRIPOLI-4® and Geant4
SVT algorithm decrease down to less than 1 % (the original algorithm discrepancies were more than 100%).
The improvement brought by the SVT method can be also seen with the thin-cylinder benchmark presented
in Figures 2 and 3 where the differences between Geant4 and TRIPOLI-4® are lowered to less than 1 %.

While the implementation of the SVT algorithm within Geant4 seems therefore to solve long-standing
issues related to the use of the neutron-HP package, it is important to note that this method assumes that
the cross-section is constant (this is necessary to go from equation 1 to 2) over the energy range covered
by the relative velocity computed for a given neutron velocity. Therefore this assumption holds true for
nuclei with no resonance in the epithermal region, i.e. for light and medium mass nuclei. For heavy nuclei
such as uranium, the presence of resonances in the epithermal region induces large cross-section variations.
Consequently the assumption used by the SVT algorithm breaks down and the so-called Doppler Broadening
Rejection Correction (DBRC) algorithm needs to be used instead [26, 27]. This has not been done in the

present work since it requires deeper modifications of the Geant4 code.

4. Geant4 thermal scattering kernel treatment

In the thermal energy domain, the free gas approximation often breaks down because the neutron energy
and wavelength are respectively comparable to chemical bond energies and to inter-atomic distances. The
molecular interactions are taken into account wvia evaluated thermal scattering kernels known as S(«,f) ,
where a and 8 are respectively the dimensionless momentum and energy transfer [28]. S(«,8) data are
computed from phonon density of state (e.g. vibration or rotation) which are produced by molecular

dynamics codes (e.g. GROMACS or VASP [29, 30]) or experiments (e.g. see [31] for a compilation of
5
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Figure 1: Neutron flux obtained with the sphere benchmark with the ENDF/B-VII.1 library for a 2C free gas medium (top
plot) and their relative differences using TRIPOLI-A® as the reference (bottom plot), for Geant4 original algorithm (red curve),
Geant4 modified algorithm (green curve) and TRIPOLI-4® (black curve).
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Figure 2: Scattered neutron energy spectrum obtained with the thin cylinder benchmark with the ENDF/B-VII.1 library for
a 12C free gas medium (top plot) and their relative differences using TRIPOLI-4® as the reference (bottom plot) for Geant4
original algorithm (red curve), Geant4 modified algorithm (green curve) and TRIPOLI-4A® black curve).
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Figure 3: Scattered neutron cosinus angle obtained with the thin cylinder benchmark with the ENDF/B-VIIL.1 library for
a 12C free gas medium (top plot) and their relative differences using TRIPOLI-A® as the reference (bottom plot) for Geant4
original algorithm (red curve), Geant4 modified algorithm (green curve) and TrIPOLI-4® (black curve).

experiments on the topic). The scattering kernel can be decomposed in a coherent and in an incoherent
part. The coherent part depends on the position correlations at different times of the same or neighboring
atoms having the same scattering length equivalent to the average scattering length of the atoms in the
system. This gives rise to interference effects. Basically, to have a coherent part, the medium should have
a structure, and hence should be a crystal. The incoherent part comes from the position correlation for the
same atoms at different times with a scattering length different from the averaged scattering length. This
can be encountered in every solid, liquid or gas. Then the coherent or incoherent part can be split in an
elastic and an inelastic part. In an inelastic interaction the neutron energy does change. The neutron can
loose (down-scattering) or gain (up-scattering) energy respectively with phonon excitation and deexcitation
in solid, with vibrational, rotational or translational molecular excitation or deexcitation or by target recoil
if it is not heavy. On the other hand the interaction is elastic if no energy is transferred to the recoil molecule
or solid because of its infinite mass compare to the neutron mass. A coherent elastic process will lead to
peaks in the cross-section if the Bragg rule is satisfied.

TSL data are provided through evaluated nuclear data library in the ENDF-6 format, and are not directly
usable by neutron transport codes. In fact, they are represented as tabulated scattering kernels S(«,f) .
Therefore the S(«,8) need to be processed to get double differential cross-sections % with the NJOY
code [32] for example. Often the coherent inelastic process is neglected during the construction of the S(a, )
, this is called the incoherent approximation (in certain conditions this could fail [5]). This approximation

7
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is used in the LEAPR module of NJOY. Therefore the neutron/medium interactions are split in coherent

elastic, incoherent elastic and incoherent inelastic processes.

4.1. New thermal scattering kernels: processing tool and validation

From 2011 and up to now, only ENDF/B-VII.1 TSL data were available in Geant4, even if ENDF/B-
VIII.0 or JEFF-3.3 have released updated and new TSL evaluations in the past years. In order to have
access to the latest TSL evaluations and to study the impact of nuclear data processing parameters on
Monte Carlo simulations and in particular in Geant4, a processing tool has been developed and validated

against TRIPOLI-4®. In this work NJOY-2016 [32] is used to process S(a,f) .

4.1.1. Processing tool

A processing tool based on NJOY allowing to convert S(«,3) from ENDF file to Geant4 TSL files has
been written. The first step is to generate the double differential cross-section and the second is to format
the NJOY output file into Geant4 TSL files.
With NJOY to ensure the continuity between nuclear cross-sections (above 4 €V) and thermal scattering
cross-section (below 4 eV) happening at an energy cut-off equal to 4 eV in Geant4 (TRIPOLI-4®’s one
is 4.95 eV), the nuclear cross-section is Doppler broadened with the BROADR module at the processed
temperature. Then the THERMR module is used to transform TSL data with user specifications related
to the energy reconstruction tolerance (tol) and the number of equi-probable scattering cosine angle (N,).
The cross-section binning is built by NJOY to allow linear interpolation between two points within the
tolerance tol. Hartling et al. [17] have shown that the parameters tol=0.001 and N, >20 are required
to accurately predict for example neutron transmission coeflicients (see Fig. 7 and 8 in [17]). Following
their recommendations, in this work ¢tol=0.001 and N,=32 are chosen. The THERMR ouput file is in a
PENDF format which is transformed to be processed by Geant4. Schematically the total cross-section given
by MF=3 file are placed in the CrossSection directories (Coherent, Incoherent, Inelastic), while final states
from MF=6 file are placed in the FS directories (Incoherent, Inelastic). The exception is made for the
coherent elastic final state which are directly taken from the MF=7 (MT=2) evaluated data file which is
processed by NJOY, because it already represents final states.
TRIPOLI-4® has been chosen as a reference code partly because it also uses the THERMR output file to
deal with TSL data. Therefore the same NJOY parameters are used in Geant4 and TRIpoLI-4® TSL data

processing.
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4.1.2. Validation

In order to verify and validate this nuclear data processing tool, simulations were run using the ”sphere”
benchmark and the ”thin-cylinder” benchmark with different moderator materials.
Figures 4, 5 and 6 show that the Geant4 predictions obtained with ENDF /B-VII data processed by the new
TSL data processing tool are in good agreement with old Geant4 predictions obtained with the TSL data
distributed with Geant4 obtained with the following NJOY parameters: tol=0.02 and N,=8 (DB=orig in
figures). These values lead to the flux stair shapes visible between 107!° and 10~ MeV in Figure 5 and
6 especially for CHy (red and green curves). When modifying these parameters to tol=0.001 and N, =32
(DB=modif in figures) this shape vanishes (blue curve). The remaining ’spikes’ in the blue curves shown in

Figure 6 would need further investigations.
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Figure 6: Scattered energy cosinus angle obtained with the thin cylinder benchmark with the ENDF/B-VII.1 library for
different medium described by TSL data (top plot) and their relative differences using TrIPOLI-4® as the reference (bottom
plot), for Geant4 original algorithm (red curve), Geant4 modified algorithm (green curve), Geant4 modified algorithm and
reprocessed TSL data (blue curve) and TRIPOLI-4® (black curve).
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The advantage of having the ENDF/B-VIIL.0 TSL data in Geant4 is that polyethylene as a cold mod-
erator can be effectively study since there is TSL data at 77 K while it was only available at 296 K in
ENDF/B-VIL.1. Now this kind of study can be performed with the additional and updated materials in
ENDF/B-VIIL0 and JEFF-3.3 (more focused on cold moderators) thermal libraries.

10° =
E 10 / \R\\
N =
g : k —
2 L =T4 @77K
s = —G4 @77K
3 = / =T4 @196K
L gt 2 G4 @196K
= /" =T4 @294K
& G4 @294K
U P L MR Gl L
< i
- il ) T
s o “Mk%ﬁ%%%ww» RRT T WY
5 o I

107 108 1077 10° 107
Energy [MeV]

Figure 7: Neutron flux obtained with the sphere benchmark with the ENDF /B-VIILO0 library for a polyethylene (CHz) medium
as a function of the temperature (top plot) and their relative differences using TRIPOLI-A® as the reference (bottom plot).
With this processing tool ENDF/B-VIIL.0 TSL data have been integrated into Geant4 which allows
having access to additional materials (e.g. YHa, ice or SiC), to more material temperatures (e.g. at 77
K, 196 K, etc for CHy with ENDF-BVIIL0 instead of only 296K with ENDF-BVII.1) and to newer TSL
data compare to ENDF/B-VIL.1 library. The same comparisons have been made between Geant4 and
TRIPOLI-A® for ENDF/B-VIIL.O and are presented in Figures 7, 8 and 9. Here the focus is made on
polyethylene (CHs) at different temperatures since it is often used as a thermal and cold moderator in

numerous applications because it is easy to handle.

4.2. Geantj accuracy and speed improvements

In this work three improvements where made to Geant4 code (algo=modif in figures) compare to Geant4

version 10.07.p01 (algo=orig in figures), in particular in G4ParticleHP ThermalScattering and G4ParticleHPFElastic

classes, to reduce Geant4/ TRIPOLI-4® discrepancies greater than 20 %, which can be observed on the red
curves of Figure 4. For example in Figure 4 for polyethylene or light water, (1) a flux discontinuity appears
at 4 eV between Geant4 and TRIPOLI-4® and (2) below 10~7 MeV there is firstly an overestimation fol-

lowed by an underestimation of the Geant4 flux compare to TRIPOLI-4® greater than 20 %, this behaviour
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Figure 8: Scattered neutron energy spectrum obtained with the thin cylinder benchmark with the ENDF/B-VIIIL.O library for
a polyethylene (CH2) medium as a function of the temperature (top plot) and their relative differences using TRIPOLI-A® as
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Figure 9: Scattered neutron cosinus angle obtained with the thin cylinder benchmark with the ENDF/B-VIILO library for a
polyethylene (CH2) medium as a function of the temperature (top plot) and their relative differences using TrIPOLI-4® as the
reference (bottom plot).
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is named the ”wave shape” in the following.

The cross-section discontinuity visible at 4 eV occurs at the energy where the transition between the
nuclear cross-section (above 4 eV) and thermal scattering data (below 4 eV) occurs. Since the continuity
between the two domains is ensured by NJOY and that there is no problem in TRIPOLI-4® this shows that
TSL data in Geant4 is not properly handled in the GjParticleHPThermalScattering class. In fact when a
compound material (e.g. CHz) is made of one element described by TSL data (e.g. H in CHy) and the other
by the free gas approximation (e.g. C in CHy), if the neutron interacts with the nucleus described by the
free gas approximation (e.g. C in CHy), the G4ParticleHPElastic class is called. However in this class, the
target nucleus (e.g. H or C) is sampled again even if the target is already known (e.g. C). This modifies the
interaction probability in giving to the nucleus described by TSL data more chance to be the target (e.g.
H is more sampled than C in CHsy). After solving this problem, the Geant4 predictions represented by the
green and blue curves are obtained in Figure 4 and show than an accuracy below 2 % is achieved around
the 4 eV transition.

The ”wave shape” visible between 102 and 10~7 MeV in Figure 4 (red curve) contributing to large dis-
crepancies (20%) comes mainly from interpolation inaccuracies. For inelastic collisions, the outgoing energy
probability P(E — E!) is tabulated and computed with the cross-section o(E — E) and the final energy

bin width AE; = E} , ., — E such as:

/
i,low

P(E — E:) = U(E — Ez{,low)AEz{ (4)

However in case of large linear increasing cross-section the probability can be underestimated. Therefore

the averaged cross-section over the bin width is used instead which is given by:

P(E — E)) = ! 5 YPLAE] (5)

o(E— Ej,,,) +o(E—E,,)

Once an outgoing energy bin has been sampled, a linear interpolation is made between the available secondary

9

energy inside the bin. With these modifications removing this ”wave shape”, Geant4d agrees well with
TRIPOLI-4® to better than 2 % (green and blue curves). The remaining small discrepancy could be solved
in investigating other interpolation methods used in Geant4.

Concerning computing times, reference codes such as MCNP or TRIPOLI-4® seem to offer sensitively

increased figures of merit when compared to Geant4. In closely looking at Geant4 TSL treatment, a lot of
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unnecessary interpolations are made, the most striking example being the temperature interpolation that
is made when computing the neutron outgoing characteristics. In fact to get the neutron characteristics
Geant4 looks at the material temperature T,,,; and find the corresponding temperature bin defined by its
limits T; and T;41 for which a final state is sampled. Then the neutron final state at T},4; is computed by a
linear temperature interpolation. This is done even if T},,,+ = T;. The main problem is that the temperature
interpolation should be performed stochastically [33], i.e. the temperature T; or T;;1 should be randomly
selected and then the final state should be computed at the sampled temperature. Physically this is the
right method to use because the quantity that can only be interpolated is the phonon spectrum from which
NJOY makes the convolution process to get TSL data, not the outgoing neutron characteristics. In addition
to dealing with the TSL data in the right way, using a stochastic temperature interpolation speeds up the
code by a factor two since now only one final state is sampled instead of two at each simulation step.
Overall these modifications allow reducing the Geant4/ TRIPOLI-4® discrepancies from 20% to less than

2% as seen in Figure 4 and increase the speed by at least a factor two.

5. Conclusion

This work presented improvements that should be taken into account in the next Geant4 release to
make neutron-HP package on-par with reference neutronics codes such as TRIPOLI-4® or MCNP based on
accuracy and speed criteria. Geant4 limitations have been overcome in implementing the SVT algorithm
allowing the conservation of the average thermal reaction rate when the free gas approximation is used and
improving and debugging the methods used to sample the thermal neutron outgoing characteristics after one
collision from TSL data. These reduce Geant4/TRiPOLI-4® discrepancies from high as much as 20% to less
than 2% and increase Geant4 code speed by at least a factor 2. The remaining 2 % discrepancy could come
from numerous numerical aspects (interpolation methods, etc) which will require further investigations.

A TSL nuclear data processing tool has also been developed and validated to take into account in Geant4
new evaluated nuclear data libraries such as ENDF-BVIIL.0 and JEFF-3.3 instead of being limited only to
ENDF-BVII.1 evaluation dating back to 2011. This allows the users to test a broader range of materials

when designing experiments.
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