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Abstract
A compact system for Neutron Resonance Analysis has been studied based on results of
simulations. The influence of the moderator characteristics of the neutron producing
target on both the neutron emission spectrum and the time-of-flight response functions
has been investigated. Results obtained with different moderator geometries and
materials have been compared. In addition, the transmission through a complex sample
was simulated to verify the impact of the moderator thickness and pulse width on the
observed resonance transmission profiles. Results have been validated by a comparison
with experimental transmission data obtained from measurements at a 10 m
transmission station of GELINA.
The results of this study reveal that the response functions and the energy dependence
of the neutron spectrum are almost independent of the energy of initial neutrons. The
absolute intensity decreases with increasing initial neutron energy. The best results are
obtained when the face of the moderator viewing the flight path is flat. As expected, the
moderator geometry, material and thickness have a strong impact on the response
functions and on both the energy dependence and absolute intensity of the neutron
spectrum. Schemes to optimise the moderator thickness and initial pulse width are
presented.

2

1 Introduction
The presence of resonance structures in neutron induced reaction cross sections is the
basis for Neutron Resonance Transmission Analysis (NRTA) and Neutron Resonance
Capture Analysis (NRCA) [1]. NRTA and NRCA are Non-Destructive Analysis (NDA)
methods to determine the elemental and isotopic composition of materials and object.
Both methods are non-invasive and do not require any sample preparation. They
require a pulsed white neutron source combined with Time-Of-Flight (TOF)
measurements and rely on well-established methodologies for neutron interaction cross
section measurements [2]. NRTA and NRCA can be used for a variety of applications in
diverse fields, such as archaeological studies, characterisation of reference materials for
cross section measurements, temperature measurements, study of fundamental
properties of materials and characterisation of nuclear materials for nuclear safeguards
and security [1].
NRTA is an absolute NDA technique. It can be considered as a complementary or even
alternative analytical technique to Destructive Analysis (DA) when uncertainties in the
order of 1 – 2% are required. Therefore, NRTA has been proposed as a method to
quantify Special Nuclear Materials (SNM), i.e. Pu-isotopes and 235U, in debris of melted
fuel formed in a severe nuclear accident [3], such as the one that occurred at the
Fukushima Daiichi power plants. NRCA can be applied as a complementary technique to
identify and quantify impurities.
At the moment NRTA and NRCA are applied at relatively large TOF facilities such as the
GELINA facility of the Joint Research Centre (JRC) in Geel (Belgium) [4] and the J-PARC
facility of the Japan Atomic Energy Agency (JAEA) in Tokai-mura (Japan) [5]. For
industrial applications a more compact facility is required. This study concentrates on the
design specifications of a compact pulsed white neutron source, taking into account the
requirements defined in Ref. [6]. These requirements are tailored for the
characterisation of nuclear materials including complex materials such as spent nuclear
fuel pellets and debris of melted fuel produced after a severe nuclear accident.
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2 Impact of the moderator characteristics on the neutron
intensity and TOF response function
For Neutron Resonance Analysis (NRA) measurements a pulsed white neutron source
combined with the TOF-technique is required. This kind of facilities are based on a
pulsed charged particle accelerator. The charged particle beam impinges on a target, in
which neutrons can be produced by either two-body nuclear reactions, photonuclear
reactions or the spallation process. Evidently only those based on two-body and
photonuclear reactions are an option for a compact system [7]. Neutron spectra
originating from two-body reactions [8], e.g. 7Li(p,n), 9Be(p,n) or 3H(d,n), and
photonuclear reactions, e.g. 9Be(,n), 2H(,n) or photonuclear reaction in heavy
materials, do not cover the epi-thermal or thermal energy region. Therefore, to create a
white neutron source covering the resonance region, a moderator is required. The
characteristics of the moderator will have an influence on both the neutron spectrum and
the response function for TOF-measurements.
Response functions R(t,E) of a TOF-spectrometer express the probability that a neutron
with energy E is observed with a time-of-flight t. Such functions can be considered as a
convolution of different independent components due to [2]:
 the finite duration of the accelerator start pulse (t0),
 the time resolution of the detectors and electronics (ts),
 the neutron transport in the neutron producing target-moderator assembly (tt), and
 the neutron transport in the detector or sample (td).
The broadening due to the target-moderator assembly (tt) is mostly the main
component [2]. This broadening strongly depends on the neutron physics properties and
geometry of the moderator. For practical reasons response functions due to the neutron
transport are better represented by introducing an equivalent distance, as discussed in
detail in Refs. [1] and [2]. The equivalent distance Lt is defined by Lt = v tt, where tt is
the time difference between the moment the neutron leaves the target-moderator
assembly and its time of creation. Such a transformation of variables results in
distributions that are almost independent of the energy of the neutron escaping from the
target-moderator assembly [1],[2].

2.1 Moderator thickness
To study the influence of the moderator thickness on the spectrum of the neutrons
escaping from the moderator (E) and on the TOF-response R(Lt,E), Monte Carlo
simulations using a water moderator in a spherical geometry were performed. The
simulations were performed with the MCNP 4 C code. The geometry is shown in Figure 1.
The neutron spectra and response functions were determined starting from a monoenergetic isotropic neutron source placed in the centre of the sphere. The response
function was derived for neutrons escaping from the moderator with an energy E
between 1 eV and 100 eV.

Figure 1 Schematic representation of a water moderator in a spherical geometry. The
arrow indicates the direction of the neutron beam considered in the calculations.
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The neutron energy spectra (E) for initial neutron energies E0 = 100 keV and E0 =
14 MeV are shown in Figure 2 for a spherical water moderator with shell thickness d =
1 cm, 2 cm, 3 cm and 4 cm. The corresponding response functions R(L t, E = 1 eV – 100
eV) for d = 2 cm and 4 cm are compared in Figure 3. These figures illustrate that both
the energy spectra and response functions strongly depend on the moderator thickness.
However, for a fixed moderator thickness the shape of the neutron spectrum (or its
energy dependence) and the response function in terms of equivalent distance are
almost independent of the initial neutron energy in the neutron energy region under
consideration (1 eV – 100 eV). This is confirmed in Figure 3 and Figure 4. The latter
compares for a spherical water moderator with shell thickness d = 2 cm the neutron
spectrum obtained with initial neutron energies E0 = 50 keV, 500 keV, 2 MeV and 14
MeV. The resolution is directly related to the moderator thickness and almost
independent from the initial neutron energy. For a moderator thickness d = 2 cm and 4
cm the resolution expressed in Full Width at Half Maximum (FWHM) is FWHM  2.2 cm
and  3.2 cm, respectively.
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Figure 2 Energy spectra of neutrons escaping from a spherical water moderator with a
shell thickness d = 1 cm, 2 cm, 3 cm and 4 cm. The spectra are shown for an initial
neutron energy E0 = 100 keV (left) and E0 = 14 MeV (right). The figures on top show the
absolute neutron spectra for an isotropic neutron source with an intensity of one neutron
per second. The spectra below are multiplied with the energy (lethargy spectra) and
normalised to 1000 s-1cm-2 at 1000 eV. The spectra for E0 = 14 MeV suffer from Monte
Carlo counting statistics effects.
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Figure 3 Response functions R(Lt, E = 1 - 100 eV) for a spherical water moderator with a
shell thickness d = 2 cm and 4 cm. Response functions are given for an initial neutron
energy E0 = 100 keV and E0 = 14 MeV.
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Figure 4 Energy spectra of neutrons escaping from a spherical water moderator with a
shell thickness d = 2 cm. The spectra are shown for an initial neutron energy E0 =
50 keV, 500 keV, 2 MeV and 14 MeV. The figure on the left compares the absolute
neutron spectra for an isotropic neutron source with an intensity of one neutron per
second. The spectra on the right are normalised to 1 s-1cm-2 eV-1 at 40 meV.
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The absolute intensity of the neutron spectrum depends on both the initial neutron
energy and the moderator thickness. This is illustrated in Figure 5 and Figure 6. The
dependence on the moderator thickness for an initial neutron energy E0 = 100 keV and
14 MeV is shown in Figure 5. These data reveal that for E0 = 100 keV the intensity
reaches a maximum at d  4 cm. For E0 = 14 MeV more than 10 cm shell thickness is
needed to reach the maximum. In Figure 6, the intensity for a neutron that escapes
from a 2 cm thick spherical water moderator with an energy E = 10 eV is plotted as a
function of the initial neutron energy. The intensity drops by almost a factor 100 going
from an initial neutron energy of E0 = 0.1 MeV to 10 MeV.
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Figure 5 Relative intensity of the neutron flux (E = 10 eV) as a function of the shell
thickness of a spherical water moderator. The intensity is given for an initial neutron
energy of E0 = 100 keV and E0 = 14 MeV and compared to the intensity at d = 1 cm.
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Figure 6 Relative intensity of the neutron flux (E = 10 eV) as a function of initial
neutron energy E0. The intensity is calculated for a spherical water moderator with shell
thickness d = 2 cm and normalised to 1 at E0 = 50 keV.
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2.2 Moderator geometry
The impact of the moderator geometry was verified by comparing the neutron flux (E)
and response functions R(Lt,E) obtained with the spherical geometry (Figure 1) and
those for a cylindrical geometry (Figure 7). For the two geometries the thickness of the
moderator side viewing the flight path is d = 2 cm. The surface of the moderator viewing
the flight path is flat in the cylindrical geometry. The calculations were performed for an
initial neutron energy E0 = 500 keV. The neutron spectrum (E) and response function
R(Lt,E) were calculated for a neutron beam escaping from the moderator in the direction
indicated by the arrow.

Figure 7 Schematic representation of a moderator in a cylindrical geometry. The arrow
indicates the direction of the neutron beam considered in the calculations.
The results in Figure 8 and Figure 9 show that for a given thickness d the cylindrical
geometry is a more favourable configuration compared to the spherical geometry. The
absolute neutron intensity is systematically higher for the cylindrical geometry. In
addition, a better resolution is obtained: the FWHM is reduced from a FWHM  2.5 cm in
spherical geometry to a FWHM  2.0 cm in cylindrical geometry and the distribution
approaches more a 2 distribution as expected from theoretical considerations [9].
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Figure 8 Neutron spectrum (E) for a water moderator in spherical (see Figure 1) and
cylindrical (see Figure 7) geometry. The spectrum for a polyethylene (C2H4) moderator in
cylindrical geometry is also shown. The results are obtained for an initial neutron energy
E0 = 500 keV.
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Figure 9 Response function R(Lt, E = 1 - 100 eV) for a H2O moderator in spherical
(Figure 1) and cylindrical (Figure 7) geometry. The result for a C2H4 moderator in
cylindrical geometry is also shown. The responses are given for an initial neutron energy
E0 = 500 keV.

2.3 Moderator material
The impact of the moderator material was verified by comparing the neutron flux (E)
and response function R(Lt,E) obtained with the cylindrical geometry in Figure 7 using
polyethylene (C2H4) and water (H2O) as moderating material. The calculations were
performed for an initial neutron energy E0 = 500 keV and a moderator thickness d = 2
cm. The results in Figure 8 reveal a small difference in the energy dependence. The
absolute neutron intensity is slightly higher using C2H4 as moderator material. The
resolution for a C2H4 moderator (FWHM  1.8) is better compared to the one for H 2O
moderator (FWHM  2.0).

2.4 Comparison with the GELINA moderator
Additional simulations were performed using a H2O moderator in a geometry which is
similar to one at GELINA [4]. This configuration is shown in Figure 10. The thickness of
the moderator side viewing the flight path is d = 3.7 cm.

Figure 10 Schematic representation of a H2O moderator with a geometry similar to the
one at the GELINA facility [4]. The arrow indicates the direction of the neutron beam
considered in the calculations.
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The neutron flux (E) and response function R(Lt, E = 1 - 100 eV) for this configuration
and those for a C2H4 moderator in cylindrical configuration are compared in Figure 11
and Figure 12, respectively. The results are for an initial neutron energy E0 = 500 keV.
For the cylindrical geometry the flux is shown for d = 4 cm. The response for the
cylindrical geometry is given for d = 1 cm, 2 cm, 3 cm and 4 cm. These figures show
small differences in the energy dependence of the neutron flux. The intensity in the
cylindrical geometry is increased by about a factor 2 compared to the one for the
GELINA configuration. The calculated flux is also compared with an experimental one
resulting from measurements at a measurement station of GELINA. The absolute
calculated flux is consistent with a total primary neutron emission rate of 2.5 x 10 13 s-1,
which is the nominal emission rate at GELINA with the accelerator operating at 60 A.
The response function R(Lt,E) in the GELINA geometry is very similar to the one in
cylindrical geometry with d = 3 cm.
-6

4

10

-7

10

E0 = Maxw. (kT =700 keV)

10

GELINA (H2O)

-2

E0 = 500 keV
-8

Cylindrical geometry (d = 4 cm)
E0 = 500 keV, C2H4
E0 = 500 keV
E0 = Maxw. (kT = 700 keV)
Exp.

-1

-2
-1

(E) x E) / (s cm )

GELINA (H2O)

-1

(E) / (s cm eV )

10

Cylindrical geometry (d = 4 cm)
E0 = 500 keV, C2H4

Exp.

-9

10

-10

10

3

10

-11

10

2

-12

10

0.01

0.1

1

10

100

10
0.01

1000

0.1

1

10

100

1000

Neutron energy, E / eV

Neutron energy, E / eV

Figure 11 Energy spectra of neutrons escaping from a C2H4 moderator in cylindrical
geometry with d = 4 cm and a H2O moderator in a configuration similar to the one of
GELINA. The results are for an initial neutron energy E0 = 500 keV. For the GELINA
geometry the flux for an initial Maxwellian energy spectrum, with kT = 700 keV, is also
given and compared with an experimental spectrum taken at GELINA [12]. The figure on
the left compares the absolute neutron spectra for an isotropic neutron source with an
intensity of one neutron per second. The spectra on the right are multiplied with the
energy (lethargy spectra) and normalised to 1000 s-1cm-2 at 1000 eV.
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3 Transmission through complex materials
To design and optimise the characteristics of a neutron source for a compact NRA
measurement system a compromise between neutron intensity and resolution has to be
made. In Ref. [6] the basic requirements of a NRA system for nuclear safeguards and
security applications were defined based on measurements at GELINA. From this study
one concludes that an overall relative TOF-resolution of about E/E  0.008 is a
minimum requirement. This condition defines constraints on the moderator thickness
and initial pulse width.
This constraint was verified for a C2H4 cylindrical moderator by calculating the
transmission through a sample consisting of B4C, Co, Mn, Nb, Rh, and W, which was
used for NRTA measurements at GELINA. For this calculation, the REFIT code was used.
The sample, which was used for NRTA measurements at an 11.8 m transmission station
of GELINA [11], creates a complex transmission with overlapping transmission dips and
a substantial flux reduction due to matrix material without resonances in the low energy
region.
The transmission through this sample resulting from measurements at GELINA is shown
in Figure 13. It is compared with a theoretical transmission based on a H2O cylindrical
moderator with d = 4 cm, an initial pulse width t0 = 100 ns and a flight path with
length L = 10 m. The results in Figure 13 show that the resolution for the cylindrical
geometry with d = 4 cm, t0 = 100 ns and L = 10 m is sufficient to analyse such a
complex transmission. A similar resolution can be obtained for a H 2O cylindrical
moderator with d = 1 cm, 2 cm and 3 cm, however, with flight path lengths L = 2.5 m,
5.0 m and 7.5 m and pulse widths t0 = 25 ns, 50 ns and 75 ns, respectively. An
additional constraint is related to the operating frequency to limit the overlap neutron
energy to  0.5 eV. Under this condition the background due to overlap neutrons is
largely reduced by inserting a Cd-overlap filter in the beam. These conditions are
summarised in Table 1. The relative intensity of the neutron flux at 10 eV per primary
neutron as a function of the moderator thickness is shown in Figure 14. The
corresponding relative intensity, considering the operational conditions in Table 1 and
supposing a pure isotropic neutron emission rate, i.e. directly proportional to L-2, is listed
in the last column of Table 1. These data show that the constraints can also be fulfilled
at a shorter distance with an increase in intensity by a factor 2.5.
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Figure 13 Transmission through a sample consisting of B4C, Co, Mn, Nb, Rh, and W.
Results of a measurement at a 10 m station of GELINA are compared with a theoretical
transmission for a neutron beam escaping from a H2O cylindrical moderator with
thickness d = 4 cm and a flight path length L = 10 m.
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Table 1 Flight path distance L, moderator thikcness d, initial pulse width and maximum
operating frequency fM to fulfill the constraints of Ref. [11], i.e. a minimum relative
energy resolution E/E  0.008 and maximum overlap energy of 0.5 eV. The resulting
intensities, normalised to one for the conditions for a flight path length L = 10 m, are
given in the last column.
For a given flight path length the moderator thickness and initial pulse width can be
optimised taking into account the reduction in intensity with decreasing moderator
thickness and the proportionality between pulse width and intensity. The transmissions
through the complex sample for L = 10 m and a cylindrical moderator with thickness d =
2 cm and 4 cm and initial pulse widths t0 = 10 ns and 100 ns are compared in Figure
15. Only for energies above 450 eV the effect of an improved resolution due to a
reduction in moderator thickness and pulse width is observed. However, initial pulse
widths t0 = 1000 ns and t0 = 10000 ns are not suitable to determine the composition
of complex samples by NRTA for a flight path length L = 10 m. This is illustrated in
Figure 16, which compares the transmissions for d = 4 cm and L = 10 m and initial pulse
widths t0 = 10 ns, 100 ns, 1000 ns and 10000 ns.
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Figure 15 Transmissions through a sample consisting of B4C, Co, Mn, Nb, Rh, and W. The
transmissions are calculated for flight path length L = 10 m and a H 2O cylindrical
moderator with thicknesses d = 2 cm and 4 cm and initial pulse widths t0 = 10 ns (top)
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Figure 16 Transmissions through a sample consisting of B 4C, Co, Mn, Nb, Rh, and W. The
transmissions are calculated for flight path length L = 10 m and a H 2O cylindrical
moderator with thickness d = 4 cm and initial pulse widths t0 = 10 ns, 100 ns, 1s and
10 s.
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4 Summary and conclusions
The impact of the moderator characteristics and initial pulse width on the neutron
emission spectrum and the TOF-response function for NRA applications was studied. The
data reveal that the shape of the neutron spectrum (or its energy dependence) and the
response function are almost independent of the initial neutron energy. However, the
absolute intensity strongly depends on the moderator thickness and initial neutron
energy. As expected the resolution due to the neutron transport in the moderator is
directly related to the moderator thickness.
The results of this study reveal that the best results in terms of both intensity and
resolution are obtained when the face of the moderator viewing the flight path is flat. In
case a facility with multiple beam lines is planned the cylindrical geometry can be
improved by making all surfaces viewing the beam lines flat.
A study of the transmission through a complex sample, resulting in a complex resonance
transmission profile, reveals that the moderator thickness and flight path distance can be
optimised to increase the intensity and maintaining the constraints required for the
analysis of complex transmission profiles.
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