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With the advancements in technology (both experimental and computational) the determination of
the‘‘true” experimental phonon spectrum became more accessible. In this work a methodology for pro-
ducing thermal scattering libraries from the experimental data (namely the DFT + oClimax method) for
lucite (C5O2H8)n is discussed. Double differential scattering cross section (DDSCS) experiments were per-
formed at the Spallation Neutron Source of Oak Ridge National Laboratory (SNS ORNL). New scattering
kernel evaluations, based on the phonon spectrum for (C5O2H8)n,were created using oClimax and
NJOY2016 codes. In order to compare and asses the performance of the newly created library, the exper-
imental setup was simulated using MCNP6.1. Compared to the current ENDF/B-VIII.0, the resulting RPI
(C5O2H8)n library improved the calculation of both double differential scattering and total scattering cross
sections. A set of criticality benchmarks containing (C5O2H8)n from HEU-MET-THERM resulted in an over-
all improved calculation of Keff . The DFT + oClimax method is shown to be the most comprehensive
method for analysis of moderator materials, due to the fact that it can be verified against all data mea-
sured at VISION, ARCS and SEQUOIA neutron spectrometers at SNS ORNL, and experimental total scatter-
ing cross section measurements. This method also provides a new technique for calculating any phonon
spectrum-related quantities such as scattering law kernel, specific heat capacity, thermal conductivity,
etc. for any solid state material.

� 2019 Elsevier Ltd. All rights reserved.
1. Introduction

Historically the thermal scattering law (TSL) libraries, as part of
Evaluated Nuclear Data Files (for example ENDF/B-VII.1) Chadwick
et al. (2011), have been generated either from theoretically com-
puted phonon spectrums (GDOS, generalized density of states),
or using the phonon spectrum derived from molecular dynamics
(MD) or density functional theory (DFT) calculations. An example
of a library computed from a theoretical phonon spectrum would
be the polyethylene TSL library, ENDF/B-VII.1, created by Koppel,
Houston and Sprevak in 1969 and converted to ENDF 6 format in
1989 at Los Alamos National Lab. More recently, some of the
libraries produced using MD calculations have been created by
Hawari (2014). Polyethylene and lucite libraries, created by the
North Caroline State University (NSCU) group, have been added
to ENDF as ENDF/B-VIII.0 libraries. Furthermore, our Nuclear Data
Group at Rensselaer Polytechnic Institute (RPI), has developed a
new methodology for creation of TSL libraries Ramić et al.
(2018). The newly developed method integrates experimentally
measured data at VISION (Seeger et al., 2009), ARCS (Abernathy
et al., 2012), and SEQUOIA (Granroth et al., 2010) spectrometers,
at Spallation Neutron Source (SNS) at Oak Ridge National Lab
(ORNL), with the density functional theory (DFT) calculations in
such way that the measured experimental data are used for guid-
ing and validation of newly created TSL libraries. The foundation
for the method created by our group has been presented by
Barrera et al. (2006), where the ab initio DFT modeling of polyethy-
lene has been studied with additional analysis of the orientational
effects in inelastic neutron scattering (INS) techniques. This
method results in a ‘‘true” experimental neutron weighted phonon
spectrum derived from DFT.
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Fig. 1. The resulting (C5O2H8)n S(Q,x) measured at VISION spectrometer and
calculated using DFT + oClimax.
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2. Thermal neutron scattering theory

The Double differential scattering cross section (DDSCS) is the
quantity measured at direct and indirect geometry neutron spec-
trometers. DDSCS represents the number of neutrons scattering
into a solid angle dX at energy transfer increment d�hx and is rep-
resented as:

d2r
dXd�hx

¼ 1
4p

k0
k
SðQ ;xÞ; ð1Þ

where k0 and k are wavevectors of final and initial neutron states
respectively, �hQ is the momentum transfer, and SðQ ;xÞ is the scat-
tering law.

The proposed methodology for generation of TSL in Ramić et al.
(2018) relies on two separate codes to calculate SðQ ;xÞ: oClimax
and NJOY2016. The theoretical considerations behind both codes
can be seen in Ramić et al. (2018), MacFarlane and Kahler (2010),
and Ramirez-Cuesta (2004); while the proposed methodology
can be also seen in Ramić et al. (2018) and Ramić (2018). oClimax
is a vibrational spectroscopy code that calculates the dynamic
structure factor directly from the phonon information obtained
from DFT codes such as CASTEP, VASP, etc.

In the proposed methodology the transformation between
SðQ ;xÞ and GDOS is as follows, as found in Squires(Squires, 2012):

Sinc�1ðQ ;xÞ ¼ �h2Q2

6M�hx
exp �hu2iQ2

� �
GðxÞ nðx; TÞ þ 1

2
� 1
2

� �
ð2Þ

nðx; TÞ ¼ 1
exp �hx

kT

� �� 1
; ð3Þ

where GðxÞ is GDOS (generalized density of states is DOS, density of
states, weighted by squared atomic eigenvectors of vibrational
modes), x is used as frequency (1/time), and it appears with �h (as
energy in units of meV), M is the atomic mass (for mono-atomic
material) of the scattering material, nðx; TÞ is the population Bose
factor, hu2i is the atomic mean-square displacement (MSD), and +
or � are for neutrons scattered with energy loss or energy gain,
respectively. The value for the MSD was chosen to be the experi-
mental value for the material in question. In case the experimental
MSD does not result in a phonon spectrum that leads to accurate
total cross section when processed with NJOY2016, it was decided
to vary MSD until the best agreement is obtained between the
experimental and NJOY2016 calculated total cross section. With
the previous methodology, this in some cases has led to exaggerat-
ing the area under the peaks at higher energy transfers, i.e.,
>300 meV, which is not completely physically accurate. In the mean
time, oClimax has included a capability to calculate the phonon
spectrum from a velocity autocorrelation function obtained from
the DFT calculation. The formalism is:

qðxÞ ¼ 1
3NTkB

Z X
i

hviðtÞ � við0ÞiexpðixtÞdt; ð4Þ

where qðxÞ is the energy dependent phonon spectrum, N is the
number of atoms in the sample material, and hviðtÞ � við0Þi is the
velocity autocorrelation function. The partial (atomic) density of
states can be also obtained from oClimax, with a transformation
from already calculated partial incoherent SðQ ;xÞ:

Sinc�1ðQ ;xÞ ¼
X
d

rd

6md
Q2expð�2WdÞqdðxÞ

x
nþ 1

2
� 1
2

� 	
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Wd ¼ 1
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d n ¼ 1

exp �hx
kBT
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where the subscript d denotes the atomic species, Wd is the Debye-
Waller factor, and rd represents bound scattering cross section.
3. Measurements and analysis

Similar to the measurements performed on polyethylene in
Ramić et al. (2018), the DDSCS data for (C5O2H8)n were measured
at ARCS, which is a time-of-flight direct geometry spectrometer,
and VISION, which is an indirect geometry spectrometer. The col-
lected INS data were transformed from the time-of-flight and
instrument coordinates to the dynamic structure factor S(Q,x),
corrected for the detector’s efficiency. Background spectra from
an empty container measured under similar conditions were sub-
tracted from the sample data. Neutron incident energies that were
used for the measurements at 5 K at ARCS were 50, 100, 250 and
700 meV. For the VISION instrument, unlike ARCS and SEQUOIA,
which have fixed incident energy, the incident neutron beam is a
white beam with range of incident energies, from 2 to
�1000 meV, while the final energy is set to a fixed low energy
(32 cm�1 or 0.004 eV).

The DFT calculations for (C5O2H8)n have been performed using
CASTEP and the output files have been processed with oClimax
to calculate S(Q,x) for comparison with S(Q,x) measured at
VISION spectrometer. The detailed information on the CASTEP cal-
culation can be found in Ramić (2018). The comparison can be seen
in the Fig. 1.

From Fig. 1 it can be observed that the oClimax calculates the
shape of the spectra reasonably well, but the locations of the peaks
are off, except in the region above 300 meV. The differences in the
locations of the peaks are mostly due to the structural differences
in how lucite was simulated in DFT versus the lucite used for the
experimental measurements, while the possible mismatch in
intensities of the peaks could be due to the fact that oCLimax does
not include multiple neutron scattering effects. Lucite in DFT was
simulated as a crystal while the real structure of lucite is far from
crystalline (lucite is a polymer, and due to the presence of methyl
groups the polymer chains are prevented from packing closely in
crystalline fashion or from rotating freely around the carbon–car-
bon bonds). It is important to note that n in (C5O2H8)n is part of
the nomenclature and is different from n = 10 which stands for
the phonon expansion order (number of multiple phonon scatter-
ing events). As introduced in Ramić et al. (2018), the frequencies
of DFT output (locations of the peaks) can be scaled to match the
location of the peaks in the experimental data. The comparison
of scaled S(Q,x) to the experimentally measured S(Q,x) can be
seen in Fig. 2.

After the scaling of frequencies, from Fig. 2 it can be observed
that the agreement between oClimax and VISION measured S



Fig. 2. The comparison between experimentally measured S(Q,x) for (C5O2H8)n at
VISION spectrometer, where the elastic line (n = 0 event) has been removed from
the spectra, and the oClimax calculated S(Q,x) at 5 K temperature, where the
frequencies have been scaled to match the experimental locations of the peaks.

Fig. 4. The comparison between hydrogen, carbon and oxygen contribution to
(C5O2H8)n GDOS.

Fig. 5. The comparison between H-(C5O2H8)n GDOS generated directly by oClimax
and one derived with the previous RPI methodology.
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(Q,x) has been improved significantly. Fig. 2 shows that the shape
of the calculated spectrum follows the trends of the experimental
data. The observed differences between calculated and experimen-
tal spectra are, similar to Fig. 1, due to multiple neutron scattering.
The thickness of the lucite sample was 1.524 mm, for which trans-
mission was 90% at 50 meV for ARCS.

For a creation of a new TSL library, NJOY2016 requires n = 1
(fundamental mode) GDOS. oClimax is capable of calculating S
(Q,x) resulting from n = 1 events, as well as for multiple-phonon
(n = 10) neutron scattering processes, which are compared with
the VISION spectrum in Fig. 3.

Fig. 3 shows that the n > 1 events contribute to the amplitudes
of the already existing peaks, while at the same time they are
responsible for creation of the peaks around 300 meV that are
not present at all in n = 1 calculated S(Q,x).

Using DFT and oClimax partial contributions of hydrogen, car-
bon and oxygen were calculated, and the resulting GDOS contribu-
tions can be seen in the Fig. 4. The comparison of the phonon
spectrum for hydrogen in (C5O2H8)n generated directly with the
oClimax and the one obtained using the previous developed
Fig. 3. The comparison between experimentally measured S(Q,x) for (C5O2H8)n at
VISION spectrometer, where the elastic line (n = 0 event) has been removed from
the spectra, the scaled oClimax calculated S(Q,x) resulting from n = 10 events, and
the scaled oClimax calculated S(Q,x) resulting from the fundamental mode (n = 1
quantum event) at 5 K temperature.
methodology, where the MSD is varied to match the experimental
total cross section, can be seen in Fig. 5.

4. Library validation

The molecular dynamics-based ENDF/B-VIII.0 library, created
by NCSU Nuclear Reactor Program group Hawari (2014), contains
only thermal scattering library for hydrogen in (C5O2H8)n. The
comparison between hydrogen partial GDOS used to create
ENDF/B-VIII.0 library and the hydrogen GDOS derived from oCli-
max can be seen in the Fig. 6.

As can be seen from Fig. 6, there are slight differences in the
locations of the peaks between two sets of partial GDOS. It is quite
clear that those differences arise from the scaling of frequencies
that was performed to get the oClimax S(Q,x) to match the exper-
imentally measured S(Q,x) at VISION spectrometer. Also, there are
slight differences in the amplitudes of the peaks.

In order to assess the performance of the new library, an anal-
ysis of how the two different libraries perform in MCNP simulation
of ARCS spectrometer has been performed. The comparison
between the ENDF/B-VIII.0 and the NJOY processed library pro-
duced from our DFT + oClimax is represented in Fig. 7.

It can be observed from Fig. 7 that the RPI DFT + oCLimax library
performs better than the ENDF/B-VIII.0 library. The ENDF/B-VIII.0
library fails to reproduce some of the structural information



Fig. 6. The comparison between hydrogen partial contribution to (C5O2H8)n GDOS
used to create ENDF/VIII library and GDOS derived directly from oClimax.
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(location of certain peaks), while DFT + oCLimax library shows all
the significant structural information (especially at higher incident
energy, 250 meV), although some of the peaks are exaggerated at
lower incident energy. Also, at lower incident energy (i.e.
100 meV), for the RPI library the elastic peak is exaggerated. The
height of the elastic peak is directly related to the Debye-Waller
coefficient.

The next step in the assessment of the performance of these
libraries is to check how well the total cross section is calculated.
For DFT + oClimax library the total cross section has been calcu-
lated as follows (where subscripts s and c represent the scattering
and absorption cross section components, respectively):
Fig. 7. DDSCS comparison at the 100 and 250 meV inc
rðC5O2H8Þn ;tðEÞ ¼ 8� rNJOY2016
H;s ðEÞ þ rENDF

H;c ðEÞ
� �

þ 5� rNJOY2016
C;s ðEÞ þ rENDF

C;c ðEÞ
� �

þ 2� rNJOY2016
O;s ðEÞ þ rENDF

O;c ðEÞ
� �

: ð7Þ

Because the ENDF/B-VIII.0 library is created as H-(C5O2H8)n, the
total cross section is calculated as follows (where subscript t repre-
sents the total cross section):

rðC5O2H8Þn ;tðEÞ ¼ 8� rNJOY2016
H;s ðEÞ þ rENDF

H;c ðEÞ
� �

þ 5� rENDF
C;t ðEÞ

� �
þ 2� rENDF

O;t ðEÞ
� �

: ð8Þ

As can be seen from Fig. 8, the RPI library performs better than
the ENDF/B-VIII.0 library across the entire energy range, except in
the 10 to approximately 30 meV range. Below 10 meV both
libraries deviate from the experimental data, but the RPI library
follows the trend of the experimental data, although it is under cal-
culating, while the ENDF/B-VIII.0 library calculates the total cross
section more as a straight line.

The final test of the new libraries is to perform critical bench-
marks on them to see if there is a significant impact on the effec-
tive multiplication factor (Keff ) calculation. The critical
benchmarks, that contain (C5O2H8)n, were chosen using the Data-
base for the International Handbook of Evaluated Criticality Safety
Benchmark Experiments (DICE) (DICE, 2017). More details on the
benchmarks chosen and how the calculations were performed
can be found in Wendorff et al. (2019). The results for (C5O2H8)n
can be seen in Fig. 9 and Table 1. The standard deviation is only
reported for the experimental data.

It can be observed from the Fig. 9 that the simulations without a
scattering kernel (free gas model) result in overestimating the Keff ,
ident energies, at scattering angles 10.5 and 15.5�.



Fig. 8. Total cross section of (C5O2H8)n.

Fig. 9. Keff comparison for (C5O2H8)n critical benchmarks. Each x-axis point
represents a different (C5O2H8)n moderated critical benchmark. The uncertainty is
only from the experimental benchmark.

Table 1
Keff comparison for (C5O2H8)n critical benchmarks.

Critical Benchmark (C5O2H8)n library Keff Std. dev.

pst024 Experimental 1.00 0.0062
pst024 ENDF/B-VIII.0 0.99437 N/A
pst024 RPI DFT + oClimax 0.99533 N/A
pst024 Free Gas Approx. 0.99651 N/A

pcm002 Experimental 0.999 0.0046
pcm002 ENDF/B-VIII.0 1.08246 N/A
pcm002 RPI DFT + oClimax 1.02756 N/A
pcm002 Free Gas Approx. 1.06877 N/A

hst003 Experimental 1.0016 0.0056
hst003 ENDF/B-VIII.0 1.00429 N/A
hst003 RPI DFT + oClimax 1.00552 N/A
hst003 Free Gas Approx. 1.00552 N/A

hmt003 Experimental 1.00 0.002
hmt003 ENDF/B-VIII.0 1.00723 N/A
hmt003 RPI DFT + oClimax 1.00232 N/A
hmt003 Free Gas Approx. 1.00701 N/A

hcm001 Experimental 1.0012 0.0059
hcm001 ENDF/B-VIII.0 1.03179 N/A
hcm001 RPI DFT + oClimax 1.00458 N/A
hcm001 Free Gas Approx. 1.03335 N/A
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while the ENDF/B-VIII.0 library performed similarly or worse than
the free gas model. The RPI DFT + oClimax library consistently per-
formed better than ENDF/B-VIII.0 library. The improved perfor-
mance of the library is due to the fact that the total cross section
changed, systematically lowering down the calculated Keff values.
It is important to note that before the RPI lucite library it was
thought that the benchmarks were not sensitive to lucite, which
has been proven wrong.

5. Conclusion and future work

A thorough analysis of the experimental data with a combina-
tion of DFT and oClimax has led to an improved (C5O2H8)n library,
with improvements noticeable in double differential and total
cross sections calculations, while the benchmarks also show signif-
icant improvement in Keff calculation.

The DFT + oClimax method has been shown to be the most com-
plete method for obtaining ‘‘true” experimental phonon spectrum.
The importance of the DFT + oClimax method created scattering
kernels is in the fact that they can be verified against all data mea-
sured at VISION, ARCS and SEQUOIA, and experimental total scat-
tering cross section measurements, while providing a new
technique for calculating any phonon spectrum related quantities
such as scattering law kernel, specific heat capacity, thermal con-
ductivity, etc.
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Appendix A. Supplementary data

Supplementary data associated with this article can be found, in
the online version, athttps://doi.org/10.1016/j.anucene.2019.05.
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