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a b s t r a c t

This paper presents a study on thermal neutron reflection properties of neutron guide for cylinder,
spindle, elliptic and parabolic geometries using 241Am-Be neutron source (5.2 Ci) and BF3 detector,
whereas neutron guide is important instrument for transportation of neutrons. To this goal, the required
inner and outer radii of neutron guide have been calculated to achieve the highest guided thermal
neutron flux based on MCNPX Monte Carlo code. The maximum flux of cylinder geometry with a length
50 cm has been obtained at an inner radius 9 cm and an outer radius 21 cm. Also, the maximum value of
thermal neutron albedo is 0.46 ± 0.001 at 12 cm thickness of parabolic guide.
© 2019 Korean Nuclear Society, Published by Elsevier Korea LLC. This is an open access article under the

CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Performance improvement of low-activity neutron source and
neutron transportation over long distances are essential subjects in
studying neutron scattering. Neutron intensity decreases with
increasing distance to a point source. This decrease is inversely
proportional with R2, which R is the source-sample distance.
However, neutron scattering and neutron reflection processes can
be used to increase the neutron flux and transmit neutron to the
desired place. For this purpose, neutron guides are used in the field
of neutron physics. Neutron guides are economically affordable by
considering the high price of neutron sources. In recent years, there
have been studies on neutron guides [1,2]. Neutron guide produc-
tion has been developed in ESS (European Spallation Source), KAERI
(Korea Atomic Energy Research Institute) and FRM-II (Forschungs-
reaktor Munchen II) [3e5]. In these instruments, the neutron guide
increases the available space which has nonzero flux around the
neutron source. Also, ultracold neutron guides have been evaluated
by prestorage method [6]. In early neutron guides, tubes were used
with rectangular cross section [7]. These tubes were coated with

nickel or titanium to reflect neutrons [8]. Currently, elliptic and
ballistic geometries are investigated for neutron guides [9,10].
Determination of optimum dimension and suitable geometry is
important for neutron guide. In this study, we use polyethylene
neutron guide and have found the required internal and external
radii to achieve the maximum value of thermal neutron flux.
Polyethylene is a simple and inexpensive polymer which has a high
value of hydrogen. Hydrogen has high scattering cross section and
low absorption cross section for thermal neutron. Therefore, poly-
ethylene is a suitable material as thermal neutrons reflector.
However, it has been less considered as a neutron guide. The main
purpose of this research is to increase the transferred thermal
neutron flux due to the thermal neutrons reflection. For this pur-
pose, we investigate the simultaneous change of the inner and
outer radii of the neutron guide for different lengths which has
been less attended in the previous studies. Past researchers have
been showed using the curved geometry has been improved the
guide performance. Also, we have designed the cylinder and curved
geometries for neutron guide by using MCNPX code. Furthermore,
thermal neutrons albedo coefficients have been obtained in order
to investigate neutron guides. Albedo coefficient represents the
amount of neutrons reflection from a surface. This coefficient has
not been considered in the previous studies of the neutron guides,
while it is a suitable criterion to evaluate the increment possibility
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of transferred thermal neutron flux. However, the neutron reflec-
tion from inner surfaces of guide leads to transfer the neutrons.
Measurements of the reflection coefficients of polyethylene
neutron guides with a cadmium neutron absorber have been per-
formed using an 241Am-Be neutron source and a BF3 detector.

2. Methodology

The value of transferred neutrons is the most important crite-
rion to benchmark the neutron guide. The output neutrons flux
determined the performance of the neutron guide in a desired
distance. The neutron flux depends on the neutrons reflection
which is expressed by albedo coefficient. Therefore, transferred
thermal neutron flux as the main quantity and albedo coefficient as
the confirmed quantity are considered in order to select the best
geometry for the neutron guide. Appropriate geometry of the
neutron guide should be designed in order to achieve the
maximum transferred thermal neutron flux. Firstly, the optimum
inner and outer radii of the neutron guide are evaluated for each
length. Then, straight and curved geometries of the neutron guide
are simulated and output thermal neutron flux and albedo coeffi-
cient are achieved using MCNPX code. The obtained results are
compared with the available data of other studies. Finally, the op-
timum dimension and geometry are selected by considering the
obtained thermal neutron flux and albedo coefficient.

2.1. Thermal neutron albedo

The reflection ability of the material is determined by its
reflection coefficients, or albedo, and could be defined as the frac-
tion of incoming neutrons leaving the neutron guide in an arbitrary
direction [11]. The neutron reflection depends on the element
composition of the reflector and the geometry of the measurement
[12]. The thermal neutron albedo for a reflector layer can be
expressed as [13]:

b ¼ Joutn ðqÞ
Jinn

(1)

where Jin and Jout are incoming and scattering neutrons at reflector,
respectively, which are determined as:

Jinn ¼ 1þ 2D
L

coth
a
L

(2)

Joutn ¼ 1� 2D
L

coth
a
L

(3)

where a, D and L are reflector thickness, diffusion coefficient and
diffusion length, respectively. D and L are calculated by Ref. [14]:

L ¼
ffiffiffiffiffiffi
D
Sa

s
(4)

D ¼ Ss

3St
2 (5)

where Sa, Ss and St are absorption, elastic and total cross section of
thermal neutrons. The used materials are defined using ENDF VII.0

library in MCNPX code [15]. Thermal neutron total, scattering and
absorption cross sections of polyethylene components which
consist of carbon and hydrogen are extracted from this library [16].
According to the obtained cross sections, thermal diffusion length
and diffusion coefficient of polyethylene guide are calculated by
Eqs. (4) and (5). The properties of used neutron guide are shown in
Table 1.

2.2. Straight neutron guide

The first configuration considered for a neutron guide is a
polyethylene cylinder with a length “L”, an inner radius “a”, and an
outer radius “b”. The density of the considered polyethylene is
0.95 g/cm3. The 241Am-Be neutron source (5.2 Ci) is located at
distance of 1 cm from the neutron guide and transmit fast neutrons
in range of 0e11 MeV. When the emitted neutrons from the
neutron source enter in the polyethylene cylinder, the neutrons are
slowed down to thermal energies. These thermal neutrons are
guided after several reflections in the neutron guide and are
detected by used BF3 detector, which is located at the distance of
1 cm in the other end of the cylinder. Also, neutron guide is covered
with 0.5 cm thickness of cadmium to prevent radiation emission.
Because absorption cross section of cadmium for thermal neutrons
is very high (2520 barn), we could use it as thermal neutron
absorber [17]. Fig. 1 shows the geometry used for measuring the
output thermal neutron flux from the neutron guide. Thermal
neutron fluxes of neutron guide are obtained for different lengths,
inner radii, and outer radii using F4 tally. Thermal neutron flux
values of neutron guides are determined by Ref. [18]:

Flux ¼ Tally F4 � Source Strength ðcm�2s�1Þ (6)

In addition, the flow of incoming and scattering neutrons at
guide surface is obtained by F1 tally of MCNPX code. Then, thermal
neutron albedos of neutron guides are calculated using Eq. (1).

2.3. Curved neutron guide

Neutron guides with curved geometry are considered as a mean
to increase the transmitted thermal neutron flux. It is expected that
the parameters of the transmitted neutrons, including increase of
thermal neutron flux, change by changing the curvature which

Table 1
The properties of polyethylene neutron guide used in the MCNPX code.

Absorption Cross Section (cm�1) Scattering Cross Section (cm�1) Diffusion Length (cm) Diffusion Coefficient

0.0267 6.7836 1.3512 0.0487

Fig. 1. Geometric measuring system including 241Am-Be source, BF3 detector, cadmium
absorber, and polyethylene guide extracted from MCNPX code.
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cause to increase the thermal neutron flux. The investigated curved
neutron guides are spindle, ellipse, and parabolic geometries. The
used curved geometries are shown in Fig. 2. Final length, central
inner and outer radii have been considered similar for all geome-
tries, so we can be able to compare the different neutron guide
performances. The thermal neutrons fluxes and albedo coefficients
of neutron guides are obtained like for a straight neutron guide
using F4 and F1 tallies of MCNPX code.

3. Results and discussion

In this part, we present the transmitted thermal neutron fluxes
using cylinder tube shown in Fig. 3 for lengths which are 20 cm,
50 cm, 80 cm and 110 cm. These considered lengths have different
inner and outer radii. As seen in Fig. 3, thermal neutron flux
decrease by increasing length because the number of guided neu-
trons are reduced. Some neutrons absorbed or escaped, but still the
significant values of neutrons are guided by increasing length. Also,
the thermal neutron flux increases and saturates when the outer
radius is increasing because of increased probability of neutron
reflection. In the other words, the guide thickness extends by
increasing outer radius. Therefore, the reflected thermal neutrons
and albedo coefficient increase up to saturated thickness according
to Eqs. (2) and (1). When inner radii are being increased firstly,
thermal neutron fluxes are rising because the probability of ab-
sorption reduces. Therefore, thermal neutron reflection is increased
from two parallel surfaces. At the very small inner radius, neutrons
do not have enough space to travel forward. In this case, most of

Fig. 2. (a) Spindle, (b) ellipse, and (c) parabolic geometries of thermal neutron guide.

0 2 4 6 8 10 12 14 16 18 20 22 24 26
0

200

400

600

800

1000

1200

1400

1600

1800

2000
L = 20 cm

T
he

rm
al

N
eu

tr
on

F
lu

x

b (cm)

a=1
a=2
a=3
a=4
a=5
a=6
a=7
a=8
a=9
a=10
a=11
a=12
a=13
a=14
a=15

0 2 4 6 8 10 12 14 16 18 20 22 24 26
0

50

100

150

200

250

300

350

400

450

500

550 L = 50 cm

T
he

rm
al

N
eu

tr
on

F
lu

x

b (cm)

a=1
a=2
a=3
a=4
a=5
a=6
a=7
a=8
a=9
a=10
a=11
a=12
a=13
a=14
a=15

0 2 4 6 8 10 12 14 16 18 20 22 24 26

0

20

40

60

80

100

120

140

160

180

200

220

240
L = 80 cm

T
he

rm
al

N
eu

tr
on

F
lu

x

b (cm)

a=1
a=2
a=3
a=4
a=5
a=6
a=7
a=8
a=9
a=10
a=11
a=12
a=13
a=14
a=15

0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30
0

10

20

30

40

50

60

70

80

90

100

110

120
L = 110 cm

T
he

rm
al

N
eu

t r
o n

F
lu

x

b (cm)

a=1
a=2
a=3
a=4
a=5
a=6
a=7
a=8
a=9
a=10
a=11
a=12
a=13
a=14
a=15

Fig. 3. Thermal neutron fluxes versus outer radius of cylinder guide for different inner radii and lengths.
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neutrons are absorbed and few of them are reflected from two
parallel surfaces. By increasing the radius, neutrons have adequate
space to travel forward after every reflection from surfaces.
Therefore, the neutron reflection is increased and the probability of
neutron capture is decreased. This process is repeated at successive
reflections from two parallel surfaces. When the inner radii reach
certain values, thermal neutron fluxes decrease because few
number of neutrons can reach to opposite surface of neutron guide.
Actually, at the very big inner radius, the hole radius of the neutron
guide is enlarged and the neutrons must travel a long distance to
reach the opposite surface. Therefore, most of neutrons are absor-
bed and the value of reflected and transferred neutrons decrease
after the special inner radius. This procedure is observing at all
lengths of neutron guide. At small lengths, the possibility of neu-
trons transfer is high, so lower inner radius is required compare to
long lengths, so the neutrons are transferred without high ab-
sorption. As seen in Fig. 3, the maximum transferred thermal
neutron flux of 20 cm length is obtained for 4 cm inner radius. By
increasing the neutron guide length, the possibility of neutron
removal is increased and more inner radius is required, therefore
the maximum transferred thermal neutron flux of 110 cm length is
obtained for 13 cm inner radius. For better understanding, the
maximum thermal neutron flux of every inner radius and saturated
thickness related to its outer radius are extracted from Fig. 3 for
each length. The maximum thermal neutron flux versus d

a is plotted
in Fig. 4, d is the guide thickness which is equal to the difference
between the outer radius (b) and the inner radius (a). This ratio
shows the guide thickness to the radius of guide aperture.

According to Fig. 4, the ratio of d
a can be determined to obtain the

maximum flux for any fixed length. The increment procedure of the
thermal neutron flux to a certain proportion of d

a and after that its
reduction procedure are clearly observed in each length. At the
maximum flux, the inner radius values are 4 cm, 9 cm, 15 cm, and
20 cm and the outer radius values are 17 cm, 21 cm, 23 cm, and
30 cm for the mentioned lengths, i.e. of 20 cm, 50 cm, 80 cm, and
110 cm, respectively. The ratio d

a for the maximum flux versus
length are shown in Fig. 5. After fitting the curve of Fig. 5, the ob-

tained equation of d
a is 5:5�exp

�
� L

43:80

�
� 0:21. According to this

equation, the needed inner and outer radii which thermal neutron
fluxes are maximum can be obtained for any length. The cylinder
geometry can be used as base geometry to determine the inner and
outer radii of all neutron guide geometries. Several inner and outer
radii are considered for different geometries, and their transferred
neutron fluxes are obtained. The output thermal neutron fluxes for
these radii are shown in Fig. 6. As seen in Fig. 6, the values of
thermal neutron flux are different for the various geometries, but
the optimum inner and outer radii are approximately identical for
all neutron guide geometries. There is only a low shift that it can be
discarded. However, the main difference of all used geometries is in
the end region of these guides and the central region is approxi-
mately identical. Therefore, the cylinder geometry is used in order
to determine the inner and outer radii of the neutron guide. These
radii are generalized to other geometries of neutron guide. Also, we
investigate the effect of the curved geometries based on the output
thermal neutrons in neutron guide. Output thermal neutron fluxes
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Fig. 4. Thermal neutron fluxes at saturation thicknesses as a function of d/a for the lengths of 20 cm, 50 cm, 80 cm, and 110 cm.
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for neutron guides with cylinder, spindle, ellipse and parabolic
geometries are obtained and are shown in Fig. 7. In these geome-
tries, the lengths, central inner, and outer radii are considered
similar in all of them. Also, our results are compared with the data
of other study and are shown in Fig. 7. In that study, brilliance
transfer was investigated and it was shown that the curved ge-
ometries had better performance than straight geometry. In com-
parison between different geometries, ellipse and parabolic
geometries were obtained more yield of the guided thermal neu-
trons. We converted the brilliance transfer (neutrons/s/cm2/sr) into
the flux (neutrons/s/cm2), so we can accomplish the comparison of
the obtained values. The achieved results show that neutrons in
elliptic and parabolic geometries can be guided in longer distance
than in straight geometry. In spindle geometry, outer radius is
curved and it has not any effect on increasing flux and as seen in
Fig. 7, the minimum value of thermal neutrons is transferred. In
elliptic geometry, inner and outer radii are curved whereby more
thermal neutrons can be guided by reflection, resulting in increased
thermal neutron flux. In parabolic geometry, whereas the first and
end areas are curved, the maximum flux is obtained for this

geometry. In parabolic geometry is obtained the maximum thermal
neutron flux because of the great focus of neutrons and the incre-
ment of sequential reflections from the surfaces. Thermal neutron
albedo coefficients of neutron guides for used geometries are
shown in Fig. 8. Also, our results are compared with the data of
other study and are shown in Fig. 8. According to the values of the
converted brilliance transfer into the thermal neutron flux, albedo
coefficients of the other work are calculated. The results of albedo
coefficients are similar to the results of flux values, so these results
confirm that output flux is increased by increasing the neutron
reflection. The obtained results for cylinder path show that some of
the neutrons have removed after one or more reflections, due to
large reflection angle. Some neutrons are incident on the guide
under an angle larger than the critical angle for total reflection, so
they do not arrive to opposite surface and are eliminated from the
reflection path. On the other hand, the results of elliptic path show
that these neutrons again trap in the same surface and are affected
by the consecutive reflections. The obtained results for parabolic
geometry show that the first and final surfaces act as focusing
surfaces, and cause the reflections to increase in comparison with
the elliptic geometry, as seen in Fig. 8. In addition, inner surface of
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spindle geometry is similar to cylinder geometry. On the other
hand, the thickness of the spindle is less than cylinder thickness,
therefore albedo coefficient has obtained a minimum value.

4. Conclusions

We have shown that the reflection coefficients depend on the
inner and outer thicknesses and length of neutron guide. The
thermal neutrons can be transferred by neutron guide over long
distances. This transportation is performed using reflection tech-
nique inside the neutron guide. By increasing thermal neutron
reflection, the guided neutron flux increases. The values of opti-
mum inner and outer radii of the neutron guide are obtained ac-
cording to the required length to transmit the neutrons using the
proposed equation in this study. The obtained results show that
more neutrons in elliptic and parabolic geometries can be trans-
mitted, so more flux can be obtained in comparison with the
spindle and straight geometry. Albedo coefficient is important
quantity to determine the reflected and transferred thermal neu-
trons in the neutron guide. The measured value of the thermal
neutron albedo for a parabolic guide is 0.46 ± 0.001 in comparison
with three others guides. Also, the maximum flux of guided neu-
trons is obtained for parabolic geometry. Therefore, parabolic ge-
ometry is the best geometry for the thermal neutron guide
according to the output thermal neutrons flux and albedo coeffi-
cient. Our results have reasonable agreement with the results of the
other studies. This investigation is confirmed that the curved ge-
ometry has good effectiveness on performance of the thermal
neutron guide. The cost of using neutron sources is greatly reduced
by transferring neutrons to the desired distance and place. The
maximum albedo coefficient and transferred neutron flux are ob-
tained by selecting the appropriate dimension and geometry for
neutron guide. Neutron guides not only increase the neutron flux,
but can also be used as a neutron shield. Investigating cold neutrons
in neutron guide could be considered, because neutrons can be
transmitted over longer length by increasing wave length and
decreasing energy. Also, for studying fast neutrons, other materials
like lead are suggested.

References

[1] A. Vertes, S. Nagy, Z. Klencsar, R.G. Lovas, F. Rosch, Handbook of Nuclear
Chemistry, second ed., Springer Refrence, 2011.

[2] N. Stüber, M. Bartkowiak, T. Hofmann, Neutron guide geometries for home-
geneous phase space volume transformation, Nucl. Instrum. Methods A. 748
(2014) 39e45.

[3] H. Aschauer, A. Fleischmann, C. Schanzer, E. Steichele, Neutron guides at the
FRM-II, Physica B 283 (2000) 323e329.

[4] K.H. Klenø, K. Lieutenant, K.H. Andersen, L. Lefmann, Systematic performance
study of common neutron guide geometries, Nucl. Instrum. Methods A. 696
(2012) 75e84.

[5] S.J. Cho, B.S. Seung, C.H. Lee, H.R. Kim, Development of a neutron guide tube
production technique at KAERI, Physica B 385e386 (2006) 1259e1261.

[6] B. Blau, M. Daum, M. Fertl, P. Geltenbort, L. G€oltl, R. Henneck, K. Kirch,
A. Knecht, B. Lauss, P. Schmidt-Wellenburg, G. Zsigmond, A prestorage
method to measure neutron transmission of ultracold neutron guides, Nucl.
Instrum. Methods A. 807 (2016) 30e40.

[7] R. Boffy, M. Kreuz, J. Beaucour, U. K€oster, F.J. Bermejo, Why neutron guides
may end up breaking down? Some results on the macroscopic behaviour of
alkali-borosilicate glass support plates under neutron irradiation, Nucl. Ins-
trum. Methods B. 358 (2015) 179e187.

[8] H. Jacobsen, K. Lieutenant, C. Zendler, K. Lefmann, Bi-spectral extraction
through elliptic neutron guides, Nucl. Instrum. Methods A. 717 (2013) 69e76.

[9] S. Muhlbauera, M. Stadlbauera, P. Bonia, C. Schanzerb, J. Stahnb, U. Filgesb,
Performance of an elliptically tapered neutron guide, Physica B 385e386
(2006) 1247e1249.

[10] C. Schanzera, P. Boni, U. Filgesb, T. Hilsa, Advanced geometries for ballistic
neutron guides, Nucl. Instrum. Methods A. 529 (2004) 63e68.

[11] P. Reuss, Neutron Physics, EDP Sciences, France, 2008.
[12] J. Csikai, C.M. Buczko, The concept of the reflection cross section of thermal

neutrons, Appl. Radiat. Isot. 50 (1999) 487e490.
[13] S. Azimkhani, F. Zolfagharpour, F. Ziaie, Investigation of reflection properties

of applied reflectors for thermal neutrons by considering the albedo and
spectral shift, Prog. Nucl. Energy 100 (2017) 192e196.

[14] J.R. Lamarsh, A.G. Barata, Introduction to Nuclear Engineering, third ed.,
Prentice Hall, Inc. New Jeresey, 2001.

[15] V.F. Sears, Neutron scattering lengths and cross section, Neutron News 3
(1992) 26e37.

[16] A. Didi, A. Dadouch, O. Jaï, J. Tajmouati, H. El Bekkouri, Neutron activation
analysis: modelling studies to improve the neutron flux of Americium-
Beryllium source, Nucl. Eng. Technol. 49 (2017) 787e791.

[17] D.B. Pelowitz, MCNPX TM Users Manual. Version 2.6.0, Los Alamos National
Laboratory Report, 2008.

[18] ENDF (Evaluated Nuclear Data File), A Computer File of Evaluated Experi-
mental Nuclear Structure Data Maintained by the National Nuclear Data
Center, Brookhaven National Laboratory, 2011. http://www.nndc.bnl.gov/
endf/.

S. Azimkhani et al. / Nuclear Engineering and Technology 51 (2019) 1075e10801080

http://refhub.elsevier.com/S1738-5733(18)30240-7/sref1
http://refhub.elsevier.com/S1738-5733(18)30240-7/sref1
http://refhub.elsevier.com/S1738-5733(18)30240-7/sref2
http://refhub.elsevier.com/S1738-5733(18)30240-7/sref2
http://refhub.elsevier.com/S1738-5733(18)30240-7/sref2
http://refhub.elsevier.com/S1738-5733(18)30240-7/sref2
http://refhub.elsevier.com/S1738-5733(18)30240-7/sref3
http://refhub.elsevier.com/S1738-5733(18)30240-7/sref3
http://refhub.elsevier.com/S1738-5733(18)30240-7/sref3
http://refhub.elsevier.com/S1738-5733(18)30240-7/sref4
http://refhub.elsevier.com/S1738-5733(18)30240-7/sref4
http://refhub.elsevier.com/S1738-5733(18)30240-7/sref4
http://refhub.elsevier.com/S1738-5733(18)30240-7/sref4
http://refhub.elsevier.com/S1738-5733(18)30240-7/sref4
http://refhub.elsevier.com/S1738-5733(18)30240-7/sref5
http://refhub.elsevier.com/S1738-5733(18)30240-7/sref5
http://refhub.elsevier.com/S1738-5733(18)30240-7/sref5
http://refhub.elsevier.com/S1738-5733(18)30240-7/sref5
http://refhub.elsevier.com/S1738-5733(18)30240-7/sref6
http://refhub.elsevier.com/S1738-5733(18)30240-7/sref6
http://refhub.elsevier.com/S1738-5733(18)30240-7/sref6
http://refhub.elsevier.com/S1738-5733(18)30240-7/sref6
http://refhub.elsevier.com/S1738-5733(18)30240-7/sref6
http://refhub.elsevier.com/S1738-5733(18)30240-7/sref6
http://refhub.elsevier.com/S1738-5733(18)30240-7/sref7
http://refhub.elsevier.com/S1738-5733(18)30240-7/sref7
http://refhub.elsevier.com/S1738-5733(18)30240-7/sref7
http://refhub.elsevier.com/S1738-5733(18)30240-7/sref7
http://refhub.elsevier.com/S1738-5733(18)30240-7/sref7
http://refhub.elsevier.com/S1738-5733(18)30240-7/sref7
http://refhub.elsevier.com/S1738-5733(18)30240-7/sref8
http://refhub.elsevier.com/S1738-5733(18)30240-7/sref8
http://refhub.elsevier.com/S1738-5733(18)30240-7/sref8
http://refhub.elsevier.com/S1738-5733(18)30240-7/sref9
http://refhub.elsevier.com/S1738-5733(18)30240-7/sref9
http://refhub.elsevier.com/S1738-5733(18)30240-7/sref9
http://refhub.elsevier.com/S1738-5733(18)30240-7/sref9
http://refhub.elsevier.com/S1738-5733(18)30240-7/sref9
http://refhub.elsevier.com/S1738-5733(18)30240-7/sref10
http://refhub.elsevier.com/S1738-5733(18)30240-7/sref10
http://refhub.elsevier.com/S1738-5733(18)30240-7/sref10
http://refhub.elsevier.com/S1738-5733(18)30240-7/sref11
http://refhub.elsevier.com/S1738-5733(18)30240-7/sref12
http://refhub.elsevier.com/S1738-5733(18)30240-7/sref12
http://refhub.elsevier.com/S1738-5733(18)30240-7/sref12
http://refhub.elsevier.com/S1738-5733(18)30240-7/sref13
http://refhub.elsevier.com/S1738-5733(18)30240-7/sref13
http://refhub.elsevier.com/S1738-5733(18)30240-7/sref13
http://refhub.elsevier.com/S1738-5733(18)30240-7/sref13
http://refhub.elsevier.com/S1738-5733(18)30240-7/sref14
http://refhub.elsevier.com/S1738-5733(18)30240-7/sref14
http://refhub.elsevier.com/S1738-5733(18)30240-7/sref15
http://refhub.elsevier.com/S1738-5733(18)30240-7/sref15
http://refhub.elsevier.com/S1738-5733(18)30240-7/sref15
http://refhub.elsevier.com/S1738-5733(18)30240-7/sref16
http://refhub.elsevier.com/S1738-5733(18)30240-7/sref16
http://refhub.elsevier.com/S1738-5733(18)30240-7/sref16
http://refhub.elsevier.com/S1738-5733(18)30240-7/sref16
http://refhub.elsevier.com/S1738-5733(18)30240-7/sref17
http://refhub.elsevier.com/S1738-5733(18)30240-7/sref17
http://www.nndc.bnl.gov/endf/
http://www.nndc.bnl.gov/endf/



